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ABSTRACT		
Current	socket	casting	methods	used	in	under‐resourced	environments	are	highly	reliant	
on	 the	 skill	 and	 experience	 of	 the	 prosthetist.	 Pressure‐casting	 methods	 have	 been	
advocated	 to	 reduce	 skill	 dependency	 in	 socket	 casting.	 To	 date,	 however,	 socket	
production	 studies	 have	 only	 been	 performed	 in	 resourced	 settings	 and	 involved	
qualified	prosthetists.		
In	this	thesis,	a	pressure‐casting	method	to	reduce	the	skill	dependency	in	socket	casting	
has	 been	 described	 in	 detail.	 Appropriate	 and	 feasible	 measures	 to	 assess	 wearer	
outcomes	 comprised	 standard	 functional	 tests,	 spatio‐temporal	 gait	 parameters,	
subjective	measures	of	user	satisfaction	and	quantification	of	the	limb‐socket	interface	
pressures.	The	participants	of	all	studies	herein	were	adults	with	unilateral	 transtibial	
amputations.	All	studies	were	conducted	in	Vietnam	and	utilised	pressure‐cast	(PCAST)	
sockets	 with	 low‐cost	 polypropylene	 components.	 All	 sockets	 were	 cast	 by	 local	
orthopaedic	technicians	when	appropriate.			
Wearer	 outcomes	 with	 the	 PCAST	 sockets	 were	 similar	 to	 the	 participants’	 original	
prosthetic	 limbs	 and	 high	 levels	 of	 satisfaction	 were	 recorded	 following	 an	 extended	
usage	period	of	five	months.	Temporal	gait	changes	suggested	greater	willingness	to	load	
the	 prosthetic	 limb	 over	 the	 usage	 period.	 In	 contrast,	 satisfaction	 and	 comfort	 data	
suggested	 that	 feelings	of	 comfort	and	stability	decreased	over	 the	usage	period.	As	 a	
baseline,	 the	participants’	 original	 prostheses	were	not	 consistent	due	 to	 varying	 age,	
quality	and	socket	design.	Thus,	the	outcomes	of	participants	fit	with	both	PCAST	and	PTB	
sockets	 were	 compared.	 The	 results	 showed	 no	 significant	 differences	 in	 the	 initial	
participant	functionality,	spatio‐temporal	gait	characteristics,	gait	symmetry,	or	comfort	
between	the	skill‐dependent	PTB	socket	and	the	PCAST	socket.		
PCAST	 socket	 fit	 was	 investigated	 by	 examining	 interface	 pressure	 distribution,	
magnitude	and	durations	and	exploring	how	these	pressures	vary	with	wearer	comfort.	
The	pressure	distribution	was	non‐uniform	with	high	pressures	 identified	at	 the	bony	
prominences,	 especially	 the	 tibial	 crest.	The	duration,	 rather	 than	magnitude,	of	 these	
pressures,	appeared	to	influence	wearer	comfort.	High	pressures	in	the	anterior	proximal	
region	and	longer	loading	durations	at	the	lateral	proximal	and	medial	distal	regions	also	
potentially	 affected	 wearer	 comfort.	 These	 data	 may	 assist	 future	 researchers	 in	
analysing	and	interpreting	socket	interface	pressures.	
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The staged phasing of data collection periods permitted continual development of the PCAST technique. Wearing a thick sock during casting appeared to reduce tightness and pain around the tibial condyles. Thus, the use of a thick cotton sock during casting was deemed beneficial. Further research, including interface pressure analysis, is required to determine if using a Pelite liner with the PCAST socket improves wearer outcomes.   This research has shown the PCAST technique is able to produce a functional, biomechanically sound and satisfactory socket for prosthetic users in under-resourced environments. Additional studies have been recommended based on the outcomes and limitations of the studies herein to further the understanding and potential for success for the PCAST socket in under-resourced environments.    
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1 THESIS INTRODUCTION 
1.1 BACKGROUND  A transtibial prosthesis is made of three main components: the socket, the shank and the foot. The socket is the critical interface between the residual limb and prosthesis and dictates the comfort and fit for the wearer. Hand-cast patella tendon bearing (PTB) transtibial prosthetic sockets are widely used in International Committee of the Red Cross (ICRC) prosthetic centres throughout the world. Considerable skill is required to generate a good PTB socket fit, however there is a shortage of skilled and experienced prosthetists in under-resourced environments.  Pressure-cast sockets have been advocated as an alternative to hand-cast sockets with potential advantages in under-resourced environments. Through minimising skill dependency in socket casting, it is advocated that pressure-casting techniques may lead to improved intra- and inter-clinician socket shape consistency compared to hand-cast PTB methods. Improved fit consistency may increase quality control, reduce production time and lower production costs as tasks can be delegated to lesser skilled individuals.  Although it has been proposed that pressure-casting techniques have potential benefits in under-resourced environments, this has not yet been tested. To date, pressure-cast socket studies have only been performed in well-resourced countries, involving qualified and experienced prosthetists. Additionally, data on wearer outcomes with pressure-cast sockets is very limited. Thus, the potential for the successful use of pressure-cast sockets in under-resourced environments remains unknown. 
1.2 AIMS OF RESEARCH The objective of this thesis was to evaluate the wearer outcomes of participants fit with a pressure-cast socket (denoted the PCAST socket) in an under-resourced environment. Specifically, this was achieved by completing the following aims: I. completing a preliminary study to determine the potential for successful use of the PCAST socket and inform methodological improvements, II. evaluating wearer functional outcomes and satisfaction over an extended usage period with the PCAST socket, III. comparing wearer outcomes with the PCAST with a relevant baseline socket (i.e. the participants’ original sockets)  
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IV. comparing wearer functional outcomes and satisfaction when wearing the PCAST, socket with those when wearing a “gold-standard” traditional PTB socket, V. investigating the socket fit by characterising pressures at the interface of the PCAST socket and the residual limb,  VI. investigating the relationships between interface pressures and wearer comfort. 
1.3 TASKS To ensure the findings and conclusions of this thesis were applicable to under-resourced environments, all studies were completed in Hanoi, Vietnam, at the Vietnamese Training Centre for Orthopaedic Technologies (VIETCOT). These studies utilised local participants, technicians, facilities and ICRC processes and materials to manufacture the sockets and other prosthetic components. Wearer outcomes with the PCAST socket were assessed both initially following fitting, and after extended usage period where participants used the socket in their homes and communities. Commonly-used and valid methods were adopted. The studied outcome measures comprised: functionality tests (the Timed Up and Go and Six-Minute Walk Test), subjective satisfaction and comfort assessments (the Satisfaction with Prosthesis survey and the Socket Comfort Score), spatio-temporal gait parameters and in-situ measurements of the limb-socket interface pressures.  
1.4 CONTRIBUTIONS OF THIS RESEARCH The main findings and contributions of this thesis have been categorised as either practical, methodological or theoretical (i.e. conceptual) contributions, and are as follows: 
• Functional, spatio-temporal and satisfaction-related wearer outcomes with the 
PCAST socket in an under-resourced environment. Chapters 4 and 5 comprise the assessment of the wearer outcomes associated with the use of the PCAST socket in an under-resourced environment, addressing a gap in the literature. PCAST sockets, produced by local technicians and used in conjunction with low-cost ICRC components, provided functional and satisfactory prostheses for the participants. Following 5 months of socket usage, changes in temporal gait parameters suggest greater willingness to load the prosthetic limb as the participants become accustomed to their new prosthesis. Few other differences were observed following the usage period and high levels of subjective satisfaction were shown, indicating the PCAST socket is suitable for long-term use in an under-resourced environment. This comprises a practical contribution to the literature, providing relevant and useful data to assess the efficacy of PCAST sockets. 
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• Wearer outcomes with the PCAST socket compared to relevant baseline and 
gold-standard sockets. Wearer outcomes with the PCAST socket were comparable to those with the local participants’ original sockets. Temporal gait differences were shown with participants more willing to load the prosthetic limb with the PCAST socket. There was a reduced perception of skin problems and an increased acceptance to wear the PCAST socket all day long, however there were more feelings of instability with the PCAST socket. The initial wearer outcomes with the PCAST socket were also compared to those with a gold-standard PTB socket. The results show no significant differences between the skill-dependent PTB socket and the PCAST socket which aims to reduce the skill dependency in socket manufacture. This constitutes a practical contribution, in addition to a conceptual contribution concerning the potential for PCAST sockets to result in feelings of instability.  
 
• Quantification of socket pressure profiles while walking and an investigation of 
how these pressures relate to wearer comfort. The distribution, magnitude and durations of pressures at the PCAST socket interface were described, addressing a gap in the literature. The pressure distribution at the interface of successfully-used PCAST sockets was non-uniform and high pressures were identified at the bony prominences of the residual limb, areas traditionally thought to be intolerant to such loading. The magnitude of the interface pressures did not appear to influence wearer comfort however the duration of loading may have. These results demonstrated the importance of considering not just the pressure magnitudes, but also the pressure locations relative to anatomical locations on the limb, the pressure distributions and the durations of loading, comprising a conceptual contribution. This work also comprises a methodological contribution as novel data analysis methods to consider the magnitudes, locations and durations that loads are experienced were described and utilised.   Additional contributions of this thesis comprise: 
• PCAST technique developments to improve the potential for successful use of the sockets (conceptual and practical contributions). 
• Recommendations for future research informed by the outcomes and limitations of the completed studies (practical contribution). 
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1.5 ORGANISATION OF THESIS This thesis is divided into eight chapters comprising the introduction, literature review, methodologies, four research chapters (Chapter 4 through 7), and a recommended studies and concluding statement chapter (Figure 1-1). The references for all chapters, including manuscripts, have been collated into a single list following Chapter 8. 
 
Figure 1-1 Flow chart of thesis organisation and participant groups 
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Chapter 2 reviews the available literature concerning the research problem and background. The review describes transtibial amputations and the effect of a transtibial amputation on gait and functionality, transtibial sockets available and appropriate for use in under-resourced environments, and introduces pressure-casting techniques. The assessment of prosthetic sockets is then discussed through measures of functionality, gait biomechanics, satisfaction and socket interface pressure assessments. Previous studies utilising these methods in the assessment of pressure-cast sockets are discussed. Chapter 3 presents the detailed methodology of the PCAST technique for socket manufacture and socket assessment methods adopted. The PCAST technique is used throughout this thesis. The rationale for adopted assessment techniques is discussed and detailed methodology presented. PCAST technique adaptations and developments are also introduced. Chapter 4 describes the preliminary assessment of the PCAST technique comprising the first cohort of participants to be fitted with the PCAST limb for ongoing use and the first use of the PCAST method in an under-resourced environment. The functional outcomes, satisfaction and spatio-temporal gait parameters of n = 8 participants were assessed over an extended usage period (167 ± 1 days). The outcomes of this preliminary study informed the methods adopted in the subsequent studies and recommendations for development of the PCAST technique.  Chapter 5 comprises the published manuscript of an assessment of the PCAST socket over a long usage period for n = 21 participants, comparing the outcomes to the participants’ original prosthesis. This is the largest study of functional, spatio-temporal and satisfaction outcomes of PCAST sockets following an extended usage period in an under-resourced environment to date. Chapter 5 also includes a discussion on the influence of the casting revision recommended in Chapter 4 on participants’ comfort and satisfaction. 
Chapter 6 comprises the published manuscript of a comparison of the initial wearer outcomes of n = 17 participants fit with the PCAST socket and a traditional PTB socket, both cast by an internationally-trained and experienced Category I prosthetist. Thus, the PCAST socket was compared to what is likely the ‘best-case’ PTB socket in an under-resourced environment.  Chapter 7 comprises the published manuscript of a study which describes the pressures at the interface of the PCAST socket and the residual limb during walking for n = 16 participants. The pressure profile at the interface, including the peak pressure magnitudes, the pressure locations and the loading durations were described and 
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potential relationships between pressures experienced and resultant wearer comfort explored. Each research chapter includes a discussion and conclusions section relevant to the findings of that study. Chapter 8 comprises the recommendations for future work and a concluding statement.  
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2 LITERATURE REVIEW 
Parts of this chapter are replicated in a published full-length review article in Annals Academy of Medicine, reference below. 
S. Laing, P. V. S. Lee, and J. C. H. Goh, "Engineering a trans-tibial prosthetic socket for the lower limb amputee," Annals Academy of Medicine, vol. 40, no. 5, pp. 252-259, 2011. 
2.1 OVERVIEW OF LITERATURE REVIEW This thesis investigated a pressure-casting method for transtibial prosthetic sockets with potential advantages in under-resourced environments. The literature review describes transtibial amputations in under-resourced environments; discussing prevalence, aetiology, anatomical and functional significance, and prosthetic components. The review then examines the prosthetic sockets available, discussing sockets appropriate for use in under-resourced environments and introducing pressure-casting techniques. The assessment of wearer outcomes with prosthetic sockets is addressed with regards to functional outcomes, biomechanical gait analysis, user satisfaction and pressure at the limb-socket interface. The results of previous studies of pressure-cast sockets are discussed, however there is a shortage of relevant literature in this regard. 
2.2 TRANSTIBIAL AMPUTATIONS IN UNDER-RESOURCED ENVIRONMENTS This thesis concerns transtibial, or below knee, pressure-cast prosthetic sockets for use in under-resourced environments. The following section discusses the prevalence and causes of transtibial amputation, the anatomical variation due to transtibial amputation, and introduces transtibial prostheses relevant to under-resourced environments.  
2.2.1 Prevalence and aetiology Due to the incompleteness of field studies, the true incidence of amputation in developing countries remains unknown [1]. Estimates in 1996 placed 200,000 people with lower-limb amputation in Vietnam alone [2-5]. Although the number of amputations caused by war-related injuries in Vietnam is decreasing, road traffic accidents are increasingly the cause of amputation. In Hanoi, the number of compound fractures caused by road traffic accidents increased 400% between 1990 and 1991 [2]. Such an increase in road traffic accidents, coupled with accidents in the workplace, especially farming, and the ongoing 
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human cost of landmines has seen an annual 3-4% increase in the number of people with amputation since the Vietnam war ended [2, 6].  Cambodia also faces the burden of landmines with a 2009 Census showing a disability prevalence of 8.1% of the country’s population, with approximately a fifth of that population having disabilities caused by landmines [7]. Likewise, landmines and unexploded ordnance pose a substantial threat to the population of Afghanistan, with 1,636 individuals injured from March 2001 to June 2002 and 42% of those injured under the age of 16 [8]. Trauma is the leading cause of amputation in many developing nations including Jordan and Pakistan and road traffic accidents account for a substantial proportion of the accidents in Pakistan and Ethiopia [9-12].    The fragile and developing infrastructures of developing countries can be especially affected by natural disasters, as was observed following the 2010 earthquake in Haiti [13]. As a result of the earthquake, an estimated 1,500 people experienced traumatic amputations and hundreds of thousands experienced fractures, with lower extremity fractures predominating [14]. No detailed statistics were taken in the days following the earthquake. Estimations predicted that when considering the treatment of secondary complications of fracture and infections, 2,000-4,000 amputations could be expected as a result of the earthquake [14]. Almost all existing medical facilities were completely or partially-damaged during the earthquake, affecting the ability to provide medical care [14]. The ongoing rehabilitation requirements for this considerable cohort of people with amputations is a particular challenge in an already under-resourced environment [15].  
2.2.2 Anatomical variation Transtibial amputations are classified as those that transect the tibia and fibula or amputations distal to the knee and proximal to the ankle. A transtibial amputation results in the loss of all tissues distal to the amputation. In individuals without amputations, these tissues of the foot and ankle provide supporting structures, dynamic function and appropriate skin surfaces for load bearing.  The salvageable length of the residual limb determines the extent of tissues amputated. The bone is generally amputated as distally as possible, with longer residual limbs allowing improved prosthetic integration and interaction; 10 cm below the tibial tuberosity is considered adequate [16]. Conversely, if the residual limb is too long, there may be issues in fitting prosthetic components such as ankle units.  A transtibial amputation results in the loss of all intrinsic foot musculature that work to flex and extend the toes and aid static and dynamic balance. Further, muscles that would 
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otherwise span the ankle are no longer effective. Such muscles include the calf group (e.g. the soleus and gastrocnemius) that plantar flex the foot, and the pre-tibial group (e.g. tibialis anterior) that dorsiflex the foot.  In addition to the loss of ankle and foot function, transtibial amputations also result in the loss of the padded load-bearing surface on the sole of the foot, which has evolved to tolerate loading pressures and shear stresses. Following transtibial amputation and the use of a prosthetic socket, the skin of the lower leg becomes the load-bearing surface. This skin is unaccustomed to such loading and breakdown may result [17]. Mechanical risks to tissues include cell breakdown due to restricted blood flow causing reduced oxygen and nutrition delivery to the tissues, tissue breakdown due to duration-dependent mechanical overload, abrasion causing tissue wear, and heat at the interface causing thermal coagulation and resultant cell breakdown [18]. A transtibial prosthesis aims to restore the functions of the tissues lost to amputation.  
2.2.3 Prosthetics in under-resourced environments This thesis comprises multiple studies, all conducted in Vietnam, as such the following sections discuss prosthetics in under-resourced environments, with most regard given to that in Vietnam and South East Asia.  
 Appropriate technology With regards to under-resourced environments, appropriate technology has been defined as that which is ecologically adapted to the environment, small in scale, sparing of natural resources, labour intensive, and controlled by the local community [19, 20]. Appropriate technologies must consider local environmental, cultural and economic factors [20]. In the design of prosthetics, Poonekar identified the necessary criteria for the technology to be considered appropriate for use in India. However, this list is applicable to most developing countries [21]. Poonekar concluded that the technology must be low cost, locally available, capable of manual fabrication, considerate of the local climate and working conditions, durable, simple to repair, simple to manufacture, reproduce and repair using local production capabilities, lightweight, cosmetically and psychosocially acceptable, and be technically functional and biomechanically appropriate without being gratuitously high-tech [21].  
 Transtibial prosthetic components  Transtibial prosthetic design and function can vary widely. This thesis will focus on prosthetic solutions appropriate for under-resourced environments. One such solution is the International Committee of the Red Cross (ICRC) polypropylene technology. 
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Fabricated from low cost and readily-available polypropylene, the modular technology is commonly used in under-resourced environments [2]. Polypropylene is cost effective and waste material can be recycled and reused in fabrication, further reducing costs and environmental impact. Additionally, polypropylene is easy to manipulate, allowing socket changes by simply heating and re-shaping the socket wall. Polypropylene has a long shelf-life, is lightweight and durable, reducing costs associated with repairs, maintenance and replacements [22-24].  Transtibial prostheses are generally made of three components; the foot, shank, and socket. In developing countries, people with lower-limb amputations are often provided with variations of the Solid Ankle Cushion Heel (SACH) foot [2]. The ICRC SACH foot is a non-articulated design, featuring a curved rigid polypropylene keel that terminates at a point corresponding to the metatarsaophalangeal joints [25, 26]. The rigid keel is surrounded by a polyurethane-type rubber for durability, functionality and cosmetic aesthetic [25, 26]. Compared to single-axis, multi-axis, and flex prosthetic foot designs, the SACH foot has a smaller ankle range of motion (ROM) and plantar flexion moment, which is a consequence of limited plantar flexion from heel cushion compression [27-31]. Additionally, the SACH foot leads to greater energy expenditure during walking [31-33]. Advantages of the design, however, include its appropriateness for use in under-resourced environments, with the ability to withstand submersion in water and rugged ground conditions [25]. Additionally, it is lightweight, and the lack of an articulating ankle joint eliminates the need for maintenance of moving parts.  The shank replicates the long bones of the tibia and fibula and connects to the foot. This connection comprising the ankle unit, can either be fixed or have one or more degrees of freedom. The shank is of adjustable length to allow for varying residual limb lengths to match the intact leg length.  The foot and shank are generally comprised of pre-fabricated parts with the appropriate foot size selected or shank modified post-manufacture to an appropriate length. However, the socket is bespoke, individual for each user. Thus, the socket is the most skill-reliant and labour-intensive component of a transtibial prosthesis. This thesis concerns a transtibial socket. 
2.3 PROSTHETIC SOCKETS FOR UNDER-RESOURCED ENVIRONMENTS The socket can be considered the most important aspect of the artificial limb, constituting the critical interface between the residual limb and prosthesis. Socket design and fitting 
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can be a difficult procedure due to the uniqueness of each residual limb. Persons using prostheses have identified socket fit and the comfort experienced as their most important concerns [34, 35]. In addition to causing discomfort, an ill-fitting socket can lead to a range of skin disorders [36, 37]. Weak or poor socket fit was identified in 37% of satisfied and 72% of unsatisfied people with lower-limb amputations in ICRC’s Vietnam project [38]. Further, poor socket fit and pain had significantly negative effects on use levels [38]. Indeed, poor socket quality and fit, and subsequent pain, are among the key deficits in prosthetic services in developing countries [2, 22, 39]. The socket provides mechanical coupling between the residual limb and the prosthesis. A good socket fit provides effective proprioception and force transmission between the skeleton and prosthesis, thus affording the wearer greater control [18]. Conversely, an ill-fitting socket can result in excessive movement between the socket and limb and poor proprioception which can affect balance and stability [40, 41]. The following paragraphs discuss the socket design and manufacture technologies previously or currently used in under-resourced environments. 
2.3.1 The patella tendon bearing socket  Patella tendon bearing (PTB) sockets have been in use, largely worldwide, since the 1960s. The ICRC utilises polypropylene PTB sockets at its centres throughout the developing world. PTB sockets were the first to remove the corset and sidebars. This allowed the total body weight of a person to load through the residual limb-socket interface. Still commonly prescribed [42], the PTB socket was designed to take advantage of the assumed pressure-tolerant regions of the residual limb, especially the patellar tendon, by creating an indentation on the socket commonly known as the patellar tendon bar [43, 44] (Figure 2-1).  
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Figure 2-1 PTB socket and underlying anatomical features of the residual limb. Socket 
manufactured using ICRC polypropylene and with cuff suspension and Pelite liner. 
The aim of the patella tendon bar is to provide both horizontal and vertical support to the residual limb and reduce the likelihood of distal end bearing [43]. Other areas targeted for loading are the anterior compartment muscle, medial and lateral tibial flare, and the posterior and posteromedial tibial condyles [43, 44]. It was theorised that selective loading at these regions would relieve loading at the other regions of the residual limb that are considered less tolerable to load, reducing discomfort [43, 44].  The anterior aspect of the PTB socket is triangular in shape, with the socket wall securely fit against either side of the tibial crest (Figure 2-1). This anterior wedge works to provide mediolateral and rotational stability of the residual limb in the socket [43, 44]. Furthermore, pressures applied either side of the tibia assist to push the tibia back into the socket, with the aim of reducing load on the pressure-sensitive tibial crest [43]. All horizontal forces applied at the socket wall require counterforces to create a stable socket environment. The counter forces to those experienced at the patella tendon are distributed at the popliteal depression. Shaping of the socket along the fibula shaft results in anterior-medial directed forces to counter those along the medial tibial shaft as well as providing a lateral stabilising force [43].  Although selective loading of pressure-tolerant regions is designed to direct forces away from the pressure-sensitive areas, other features can also be introduced to the socket wall to further reduce loading of pressure-intolerant regions of the residual limb. Such 
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features involve creating reliefs in the socket wall, increasing loading in the adjacent areas, or a combination of both [43, 44].   The PTB socket was originally designed with a suspension strap, which wraps over the femoral condyles in a figure-eight. Although the strap was generally accepted by wearers, problems were experienced by a portion of the population [45]. Efforts to remove the suspension strap involved raising the proximal trim lines over the femoral condyles. In addition to providing suspension, supracondylar designs aim to control the knee in the frontal plane, especially helpful for wearers with short limbs or knee ligament instability [43]. There are two models of supracondylar PTB sockets, the Kondylen-Bein-Muenster (KBM) socket and the patella tendon supracondylar socket (PTS), which differ by patella tendon coverage, which is encased in the PTS and exposed in the KBM socket. Advantages of the PTS socket are said to include increased knee stability, improved aesthetics, and an enhanced capability to accommodate short residual limbs [46].  During PTB casting, indelible marks are made on the residual limb by the prosthetist to identify anatomical landmarks (Figure 2-2). Wet Plaster of Paris is then wrapped around the residual limb and the anatomical marks are transferred to the plaster. The wet plaster is shaped by the prosthetist applying forces with their hands to mould the shape required (Figure 2-2). A positive plaster model is formed from the hand-cast negative mould and the indelible markings transferred.  
 
Figure 2-2 Limb markings (left) and hand-casting (right) during PTB socket manufacture 
[47] 
Rectifications are performed on the positive cast to further shape the socket, with material removed from areas for loading and small pieces of plaster or material added to create reliefs in load-intolerant areas. The hard socket is formed over this positive mould. Further adjustments to the hard socket can be made by heating the socket wall.  
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 Skill-dependency of PTB sockets While PTB sockets are time-proven and widely used, they are highly reliant on the skill, experience and manual dexterity of the prosthetist, limiting their potential for success in under-resourced environments. Although there have been attempts to reduce the skill required for casting PTB sockets since the 1960s [45, 48], the process is still highly reliant on the prosthetists skill to apply what are primarily artesian techniques, which can create issues in socket shape consistency [49]. Wrapping and shaping wet plaster requires hands-on, intricate movements and is reliant on the manual dexterity and skill of the prosthetist [44]. Further, rectification of the positive mould depends on the prosthetist performing the rectifications, with the largest socket differences seen in the areas of the greatest relief or indentation [50]. Recent studies have begun to question the effectiveness of the patella tendon bar [51] and socket rectifications [52, 53]. Further, up to three test sockets may be required to successfully fit a rectified socket [54]; as such, removing this rectification step would greatly reduce the skill, time, and cost to manufacture a socket. Historically1, prosthetic workers have fallen under four categories recognised by the International Society for Prosthetics and Orthotics (ISPO) [2, 55]:  
• Category I – prosthetist/orthotist with three years formal training and university degree; 
• Category II – orthopaedic technologist with three years formal training at a level lower than that of the Category I. The Category II worker is a compromise to replace the Category I worker who is often not available or affordable in developing countries; 
• Category III – prosthetic/orthotic technician trained on the job and working in construction and; 
• Category IV – technician with no formal training. Given the need for extensive prosthetist input during the cast-taking and rectification steps of PTB socket production, most prosthetic centres in developing countries employ the services of one or more expatriate or internationally trained Category I prosthetists, supported by local staff of varying qualifications [2]. In addition to requiring extensive skill, the successful production of PTB sockets requires more time than other techniques. 
                                                             1 In September 2018, ISPO reclassified the prosthetic and orthotic workforce. Given all studies in this thesis were completed before the re-classification, the previous categories as detailed will be used throughout this thesis. 
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Studies have shown that the fitting and manufacture of PTB sockets takes longer than pressure-cast sockets [56, 57]. In developing countries, where many patients travel to prosthetic centres from rural homes, this long manufacture time translates to increased costs for accommodation and travel if multiple trips are required. Indeed, in Vietnam the cost of transport and accommodation for the patient can be double that of the prosthesis [6].  Providing extra and more thorough training for local personnel would likely improve socket fit and the efficiency of service. It has been estimated that up to 100,000 new prosthetists would require training if conventional hand-cast methods are to meet the worldwide demand [58]. Meeting such a requirement would be expensive and time-consuming. The following sections describe alternate socket manufacturing options which are characterised by an aim to reduce the skill or prosthetist dependency in socket casting.   
2.3.2 Computer-aided socket design and manufacture Computer-aided design and manufacture (CAD/CAM) technology can be used to design and fabricate prosthetic sockets for people with lower-limb amputation worldwide. Initially a topographical scan of the residual limb is taken, from which a digital positive mould is created, and the digital file sent to a central fabrication facility. The centrally located prosthetist then uses the software to modify the original socket shape using conventional fitting principles and the final digital design carved into a positive model using a computer-controlled lathe. The socket is vacuumed formed onto the model and sent back to the patient’s location. In the developed world, this process typically takes 1-3 days [59].   Advocated advantages of such a system in developing nations is the fast turnaround time owing to less hands-on technical work required and a decreased demand for highly skilled personnel at the clinic [22, 59, 60]. Additionally, duplicate replacement sockets can be easily manufactured and expensive fabrication equipment is not required on-site in rural clinics [59]. There is, however, high investment costs involved with equipping the central fabrication facility. Furthermore, ongoing maintenance costs mean that CAD/CAM expenses equate to much more than manual labour costs in developing countries [22]. Scanning and imaging technology does not consider the compliancy of the limb tissue; further, during scanning it is not possible to manipulate or compress the soft tissue of the limb as would be done during hand-casting.  
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Ongoing issues and problems may limit the widespread success of CAD/CAM socket manufacture in developing nations. CAD/CAM socket manufacture does not adhere to many of the tenets of appropriate technology. The socket modification is centralised in an urban location rather than in the rural setting where the patient lives and prosthetic will be used. Thus, the prosthetist modifies the socket without personally assessing the patient requirements or residual limb condition. Additionally, the technique relies on imported and technologically complex manufacturing equipment and does not utilise the local skills and natural resources of the environment. This equipment would likely be difficult to service, repair or reproduce using locally available capabilities. 
2.3.3 The Jaipur socket Rather than move technically complex tasks away from the rural clinics, other socket manufacture solutions focus on reducing the stated complexities to create more simple solutions for socket manufacture. The use of aluminium sockets and limbs is such an appropriate technology solution. The Jaipur method utilised the high numbers of highly skilled metal workers in developing countries such as India, to produce an aluminium socket made as part of the shank [2, 61, 62]. The aluminium was beaten into shape and repeatedly tried on the patient until a comfortable and suitable fit was achieved, usually within an hour [61, 62]. The method was well suited to regions with a large patient load and a large population of highly skilled metal workers however, due to material shortage and cost, the aluminium construction was replaced with High Density Polyethylene (HDPE) in 1988 [63]. A large-scale clinical field study conducted in 2004 on users of the HDPE-Jaipur socket in India, Honduras and Uganda revealed major inadequacies whereby socket fit and craftsmanship were assessed as ‘poor’ in 56% of patients [64]. The researchers attributed the unsatisfactory results to inadequate education and training for the prosthetic workers.   
2.3.4 Dilatancy methods Sand casting methods developed by the Centre for International Rehabilitation (CIR) also aimed to reduce the technical complexities of socket manufacture. Based on the principles of dilatancy, the total bearing socket cast is created by evacuating air out of a casting bag filled with sand, resulting in a negative mould. Upon production of a positive mould using the same principles, normal lamination methods can be applied to create the socket [65, 66]. The evolution of this technique has seen small lightweight polystyrene beads replace sand and the large casting tank. Subsequent preliminary research achieved a good fit for 8 of 10 patients [67].  
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Further modifications to the CIR system and procedures were made to increase the suitability for use in mobile prosthetic units in Thailand [68]. Training to use the systems was delivered to Category I prosthetists and Category II technicians, and people with lower-limb amputation as technicians. As of 2011, the system has been used by the Prosthetic Foundation (PF) in Thailand in the main workshop and mobile units. Between January 2008 and September 2009, 1,030 transtibial and Symes prosthetic sockets were fabricated using the system. The time to manufacture a socket decreased from 350 minutes with traditional plaster casting methods to 100 minutes [68]. Additional research to develop the system for use with transfemoral sockets is ongoing [68]. No data on the wearer outcomes on the PF socket are available. Although initial research with the CIR system was promising, the system has not been widely adopted outside of Thailand.  
2.3.5 Pressure-casting techniques For decades, pressure-casting techniques have been investigated to minimise the skill dependency is socket casting and improve casting consistency [49, 69-74]. The concept of pressure casting was first introduced by Murdoch with the Dundee socket [69]. Uniform pressure was applied to the plaster-wrapped residual limb to create an intimately fitting socket, which, in theory, results in uniform pressure spread over the residual limb during loading [69]. Given the loading is distributed over the entire residual limb, pressure-cast sockets are referred to as total surface bearing (TSB) sockets, as opposed to specific surface bearing sockets, like the PTB. The Dundee socket involved donning a plaster impregnated nylon stockinette over the residual limb, which was then covered by a protective nylon sheet [69]. The limb was then inserted into a water tank and the protective sheet sealed around the rim with an elastic band. The water pressure in the tank was increased until the patient could stand with their weight supported by the pressurised water with balance maintained using hand rails. The proportion of weight or load taken through the residual or intact limbs during casting was not indicated. The plaster mould was an exact mould of the residual limb under load. While the intention was to remove production processes reliant on the manual dexterity of the prosthetist, the Dundee socket still featured the addition of a patella tendon bar by cutting a slot in the plaster socket. It was suggested that this method improved patella tendon bar placement accuracy over hand-cast methods [69]. The Murdoch method was initially used to construct hard sockets; however, the potential addition of soft liners was noted [69]. Since water was the pressure-casting medium, this process is sometimes referred to as hydrocasting. 
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The hydrocasting method described by Murdoch has been used by researchers and clinicians over the years with minor modifications. The patella tendon bar has been omitted in more recent research of hydrocast sockets [42, 70-72, 75-77]. A number of commercially available systems utilise air or pneumatic casting as opposed to a liquid pressure medium (e.g. the ICEX and Icecast, Ossur, Iceland). Casting with these systems is generally performed with the patient sitting rather than in a load-bearing standing posture [49, 56, 57, 74, 78]. Activation of residual limb musculature (anterior tibialis and medial gastrocnemius) during casting significantly alters the resulting socket shape, as the muscle cross-sectional area increases with activation [79]. Sockets cast with activated musculature were approximately 6% larger in volume than that with relaxed musculature [79]. Further, ICEX and Icecast systems use a silicone liner, which can improve walking function and aid prosthetic suspension [80]. However, silicone liners can be prohibitively expensive in under-resourced environments and have less durability and more maintenance requirements than other liners [81, 82]. Further, in hot or humid environments, silicone may lead to skin breakdown associated with extensive sweating [17, 83].  Hydrostatic socket fit has been described in the context of the hydrostatic theory for load transfer [69, 71, 84, 85]. Hydrostatic theory is reliant on Pascals law of fluids, which states that a confined fluid at rest will transmit external pressure uniformly in all directions perpendicular to the container surface. This law is also assumed to include the transmissibility of fluid pressure, whereby an additional applied pressure, such as that from the socket, will be transmitted equally to every point in the fluid. As such, if a residual limb behaves as a hydrostatic system when loaded, it is thought that equal distribution of pressure throughout the residual limb-socket interface is ensured and areas of high pressure eliminated. However previous studies have shown that a uniform pressure profile does not occur [70-74, 77]. This is due to the complex anatomical nature of the residual limb.  Hydrostatic theory assumes that the residual limb behaves like a simple elastic solid with low stiffness surrounding a piston (the tibia and its condyles) [71, 84]. However, the limb is non-homogenous and is made up of different soft and hard tissues of varying stiffness. These different tissues respond differently under load with forces being transmitted through the stiffest path, thus the socket shape is influenced by the shape of the rigid structures underneath the soft tissue, especially the more superficial bony prominences [49]. Additionally, for a hydrostatic system to be stable it must include a fluid interface and be closed. While hydrostatic casting techniques attempt to create a ‘perfect fit’, 
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frequent volume changes of the residual limb and soft tissue movement proximally past the tibial condyles during loading make it difficult to achieve an ideal closed system. Nonetheless, previous studies have shown that hydrocasting techniques are able to produce comfortable sockets without uniformly distributed pressure at the residual limb-socket interface [70-74].  Although the studies are limited, pressure-cast sockets were consistently longer [49, 77, 78] with smaller volume [49, 78] and more circular in shape [49, 77] than those cast by hand (Figure 2-3). The greater length of pressure-cast sockets could result from the radial pressure applied during casting that causes soft tissue to flow distally; this effect is further enhanced by use of a silicone liner which causes distal traction [49]. 
 
Figure 2-3 Example hand-cast PTB (left) and pressure-cast (right) sockets. Sockets not from 
same individuals but highlight general shapes of PTB and pressure-cast sockets.  
This thesis concerns the use of pressure casting as previously described by Goh and Lee [71, 86], the pressure-cast (PCAST) technique (Chapter 3), is similar to the method described by Murdoch, with a few noted differences. The PCAST technique involves wrapping a participant’s residual limb, uniformly, in plaster, followed by limb placement into the PCAST water tank. The water pressure is increased until the participants can stand with 50% of their weight supported by the pressurised water. Once the plaster wrap hardens, the tank is depressurised, and the plaster removed. No rectifications to the positive mould are performed with the exception of the smoothing of rough surfaces. No silicone liners are used. This method is the same as that described by Buis and Convery [70, 75], Manucharian [42] and Abu Osman and Syed Shikh [72, 87].  
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For clarity in this thesis, the casting technique utilised throughout the studies and resultant sockets assessed herein will be referred to as the ‘PCAST technique’ and ‘PCAST sockets’ respectively. When referring to pressure-casting techniques and resultant sockets used in previous studies or extrapolating the PCAST results to pressure casting in general, the generic terms of ‘pressure-cast’, ‘hydrocast’ or ‘hydrostatic’ are used.  
 Pressure casting in under-resourced environments Pressure-casting techniques have been advocated to minimise the reliance on the skill of an attending prosthetist during casting and improve consistency in socket fitting [49, 69-74]. Indeed, transtibial socket casting using ‘hands-off’ ICEX pneumatic pressure systems has been found to be more consistent in shape than hand-cast PTB socket casting methods [49, 88]. These studies were limited because casts for each method were produced by one prosthetist, in a single session [49] or with session breakdown not specified [49, 88]. Thus, the intra-operator consistency over multiple sessions and inter-operator consistency are not known.  ICEX pressure-casting methods have also been shown to require less visits and time to fit and manufacture than hand-cast PTB sockets [56, 57]. A reduction in required visits can be particularly important when rurally-based participants may need to visit metropolitan centres for treatment.  Given these potential improvements, researchers have identified that pressure-cast techniques may be beneficial in developing countries and under-resourced environments [42, 72, 75]. However, no published study has used facilities, resources and, participants local to an under-resourced environment to assess these claims. Studies of pressure-cast sockets (without silicone liners) have thus far been completed in the US [42], UK [70, 75], Singapore, [71, 86] and Malaysia [72, 87]. As of 2019, The World Bank classifies the US, UK, and Singapore as high-income countries and Malaysia as an upper-middle-income country [89]. Comparatively, Vietnam and Cambodia are lower-middle-income countries and Haiti and Afghanistan are low-income countries [89]. Further, although pressure-casting techniques are advocated as requiring less skill in socket casting, ISPO Category I clinicians (i.e. a prosthetist) completed the casting or alignment in all the pressure-casting studied in the literature. Thus, although pressure-cast techniques have the potential for success in under-resourced environments, this assertion has not yet been tested. 
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2.4 WEARER OUTCOMES WITH PROSTHETIC SOCKETS  There are many methods to assess the fit of transtibial prosthetic limbs and wearer outcomes. This section discusses methods, measures and parameters to assess the effect of prosthetic sockets on the fit, comfort, and functionality of the wearer.  
2.4.1 Functional outcome measures Functional outcome measures are used by researchers and clinicians to determine how well a prosthetic user can ambulate around the home and the community. In addition to being practically relevant, functional tests should be ‘clinically sensible’ considering the purpose of the test and ease of implementation in a given clinical setting [90]. This section will focus on walk tests that have been previously used to quantitatively and objectively assess the effect of transtibial prosthetic components on a user’s functionality, rather than classifying or grading user functionality. A review of outcome measures recommended walk tests particularly for assessing change following a prosthetic intervention [91]. Further, timed-walk tests (TWTs) and the Timed Up and Go (TUG) test were identified as the most commonly-used walk tests for people with lower-limb amputations among allied health professionals in the UK [92].  
 Timed walk tests  Timed walk tests (TWTs) can be either fixed-distance or fixed-time tests. Fixed-distance tests, such as the 10 m test [93], assess walking speed over a short distance [91]. Fixed-time tests assess functional capacity as the participant walks as far as they can in a given time, usually, 2- or 6 minutes [94, 95], and the total distance covered during this time recorded. The Six-Minute Walk Test (6MWT) is a validated and reliable measure of functional capacity for populations with lower-limb amputations [95, 96]. The 6MWT distance is significantly correlated with the physical activity of people with transtibial amputations [96]. The 6MWT is easy to administer and assess and does not require any specialist equipment; however, the importance of the course or walking track configuration on the outcome has been shown [97].  The 6MWT generally allows people with lower-limb amputation sufficient time to walk distances approximately equal to or greater than 300 m, the suggested minimum distance required for community ambulation [94]. A variation of the 6MWT, the Two-Minute Walk Test (2MWT) is sometimes used, whereby the total walking time is shortened to 2 minutes, thus the 300 m distance is less likely to be met. The 6MWT is purported to be more commonly found in peer-reviewed investigations [98].  
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6MWT values have been reported for people with transtibial amputation [95, 99-102] and according to participants’ functional classification level (K-level) [94, 103-105]. 6MWT values for populations with transtibial amputations vary across studies; scores as low as 50 ± 30 m have been reported for K1 participants [104] and as high as 661 ± 87 m for young participants with recent traumatic amputations [99]. For interventional or longitudinal studies, researchers can compare pre- and post-intervention or repeated measures values. The minimum detectable change (minimum magnitude of change that exceeds measurement error [100]) at 90% confidence level is 45.0 m for the 6MWT. This value provides researchers and clinicians a threshold over which the performance can be considered to have clinically changed.  
 Timed Up and Go test The Timed Up and Go (TUG) is a mobility performance measure indicating proficiency in balance, transfers, walking, and turning whilst walking [92, 104, 106]. The TUG is the timed duration it takes a patient to rise from a sitting position in an armchair, walk 3 m and return to the same sitting position [107]. The TUG is a validated measure with good intra- and inter-rater reliability when used in populations with amputations [108]. The L-test was developed as a variant of the TUG, designed to have less ceiling effects than the TUG. The L-test comprises 3 turns and 20 m walking distance [91]. However, the TUG is the most commonly used of the timed walking and transfer tests [92, 98]. The TUG was initially developed for use with the elderly but is commonly used to asses mobility and balance in populations with lower-limb amputations [92, 98, 100, 105, 108-115]. TUG scores of cohorts with transtibial amputations vary widely [100, 108-112]. Scores as low as 7.37 ± 1.33 s have been recorded for middle-aged males [109] and as high as 23.8 ± 23.0 s for an elderly population [108]. The TUG minimum detectable change (90% confidence) is 3.6 s [100]. Further, a TUG score of 19 s or more is associated with an increased risk of multiple falls in populations with transtibial amputations [116].  Comprising short distances and turns, the TUG is a useful measure of ‘household’ ambulation, while the 6MWT is more appropriate for measuring the potential for community ambulation [91]. Thus, the inclusion of both mobility and balance and endurance measures provides relevant assessments for a broad range of participant functionality.  
 Activity monitors The previously listed tests are generally conducted in the laboratory or clinic. By contrast, activity monitors allow the prosthetic user to return to their homes and community and 
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their activity monitored in a less controlled and more common setting. Activity monitors are generally used over a fixed period, with previous studies of people with transtibial amputations analysing activity data over 24 hrs [57], one [101, 117], or two weeks [118]. The mean steps/day data of participants with lower-limb amputations was significantly correlated to participants 2MWT and TUG scores [119]. However, daily activity (hr/day) of people with transtibial amputations has been shown to be largely insensitive to changes in socket shape [120]. Functional outcome measures allow researchers or clinicians to gauge how the prosthetic user can function in the community; however, the measures do not provide specific guidance on how or why a person’s gait may be impaired. Through the study of gait biomechanics, researchers and clinicians can identify gait adaptations that may lead to inefficient gait patterns and develop rehabilitation plans to improve gait safety or efficiency. 
2.4.2 Gait biomechanics 
 Basic concepts: the gait cycle The gait cycle can be divided into two phases: stance phase while the limb is in contact with the ground and swing phase while the foot is in the air and the body is being supported by the contralateral limb. Although gait can also refer to running, only walking is considered throughout this thesis. Figure 2-4 describes the gait cycle using terminology that is used in this thesis and as is commonly used in prosthetic and orthotic applications [121-125].   
 
Figure 2-4 Events and stages of the right limb gait cycle during normal able-bodied gait. 
Figure adapted from Alam et al. [126]  
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 Gait kinematics and kinetics  Spatio-temporal gait measures include velocity, step length and step time. Angular kinematics are the joint rotations and linear and angular gait kinetics refer to the forces (ground reaction and rotary) that drive motion and include joint moments and powers. Kinematic and kinetic measures are commonly used in the gait assessments of people with lower-limb amputations [127].  One of the earliest attempts to describe the gait biomechanics of people with transtibial amputations was made by Charles Radcliffe, a pioneer of the PTB socket [122]. Radcliffe suggested that a person with a transtibial amputation can walk in a manner similar to an able-bodied person; that the loss of ankle function can be compensated by hip and knee function to achieve gait that closely approximates the norm. Indeed ‘normal’, not to mention symmetrical, gait has long been the aim of prosthetists and rehabilitation specialists since asymmetrical gait has been linked to an increased prevalence of degeneration in the lumbar spine and hip and knee joints [128-130].  A transtibial amputation results in the loss of all intrinsic foot musculature that work to flex and extend the toes and aid static and dynamic balance. Further, muscles that would otherwise span the ankle are no longer effective or absent. Such muscles include the soleus and gastrocnemius (i.e. the calf group) that plantar flex the foot, and the tibialis anterior that dorsiflexes the foot through concentric contraction during the swing phase. The contribution of these muscle groups during normal, able-bodied, level walking is shown in Figure 2-5.  
 
Figure 2-5 Muscle activity spanning the ankle during normal, able-bodied, level walking, 
adapted from [122] 
Predictably, the most notable differences between the biomechanics of able-bodied individuals and people with transtibial amputations occur at the ankle. In able-bodied individuals, the concentric burst of the plantar flexors during terminal stance or ‘push-off’ is the most important source of mechanical power during gait, accounting for 80-85% of that generated throughout the gait cycle [131, 132]. This plantar flexor action propels 
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the leg into swing and contributes to the forward acceleration of the body [133]. The prosthetic ankle has significantly less plantar flexion during toe-off and into swing phase [30, 134, 135]. To compensate, the hip extensors create a burst of power in early stance, working to push the trunk over the ankle and propel the body forward [132].  Gait biomechanics studies of people with transtibial amputations found minimal differences in knee and hip angular kinematics [134, 135]. However, these kinematic similarities are only achieved through a range of kinetic adaptations made at the hip and knee of both the amputated and contralateral (intact) limb [134] [30]. The ground reaction force (GRF) of the prosthetic limb is generally less than the intact limb, indicating higher loading transferred to the joints of the intact limb [128, 136, 137]. Three-dimensional motion capture represents the gold-standard for the collection of kinematic and kinetic gait data. Such motion capture systems offer high precision measurements but clinical use can be limited due to the high cost of the system and the technical ability and time required to collect the measurements [138]. Indeed, for the studies herein, it was not possible to readily transport, nor assemble at VIETCOT, the infrared cameras and force plates required for motion capture data collection. Thus, the study of biomechanical parameters of gait was limited to spatio-temporal analyses permitted by easily portable instrumented walkways. Instrumented walkways such as the GAITRite® (CIR Systems Inc., Clifton, NJ, USA) and Zeno (ProtoKinetics; Havertown, PA) were developed to automate spatio-temporal gait data collection with accuracy comparable to 3D motion analysis systems, with good-to-excellent agreement [138]. The GAITRite® walkway has excellent reliability for most spatio-temporal measures [139, 140]. The Zeno walkway and associated Protokinetics software is based on the GAITRite technology, with advancements to enable reliable centre of pressure measurements [141].  Gait biomechanics are limited to spatio-temporal gait parameters in this thesis, thus data pertaining to spatio-temporal gait measures in populations with transtibial amputations is of most relevance for this review. Spatio-temporal parameters are commonly used in gait analysis of people with lower-limb amputations [127].    
 Velocity and cadence Gait velocity determines a person’s ability to ambulate safely in the community, e.g. cross the road, and has been described as the single best measure of walking ability [142]. Further, gait velocity is the most commonly measured parameter during gait analysis of people with transtibial amputations [127].  
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People with amputations walk slower than aged-matched healthy individuals [143]. Gait velocity of people with transtibial amputations has been measured to be as high as 1.41 m/s [144] and as low as 0.67 m/s [145]. The cause of amputation is correlated to gait velocity. People with traumatic amputations generally have a higher gait velocity than those with amputations due to vascular complications [146, 147].   After velocity, cadence is the next most commonly reported spatio-temporal characteristic of populations with transtibial amputations [127]. Cadence variability has been used as a determining factor in classifying people as limited or unlimited ambulators and subsequently determining their access to insurance subsidies of prosthetic components in the United States [148]. Cadence of people with transtibial amputations has been measured as low as 1.37 steps/s [146] and as high as 1.83 steps/s [149]. A change in prosthetic foot components can significantly alter wearer cadence [150]. However, the difference was similar to day-to-day cadence variability demonstrated by able-bodied participants and hence was not judged clinically significant [150]. Indeed, cadence has been described as the ‘least consistent’ of commonly measured spatio-temporal parameters [142].  
 Spatial parameters of gait With perfectly symmetrical gait, stride length will be double the step length of either leg. However, people with transtibial amputations often have step length differences between the intact and prosthetic limbs. A shorter step length on the intact side (i.e. the length from foot contact on the prosthetic side to the intact side) is commonly reported [145, 151-156]. The choice of prosthetic foot influences step length [151, 154, 157]. Rigid foot components, such as the SACH foot, do not allow dorsiflexion during push-off and hence foot contact on the intact leg is earlier than if had dorsiflexion occurred [151].   Step length can also indicate confidence and comfort associated with use of a prosthetic [152] where gait with shorter and wider steps is described as ‘cautious’ [158]. Walking with wider step widths enhances stability since it increases the base of support and reduces the likelihood that the person’s centre of mass will move outside of this base of support (i.e. loss of stability).  
 Temporal parameters of gait  For populations with amputations, temporal measures provide information on the amount of time the person is willing to tolerate weight bearing on their prosthetic limb. The stance phase of gait for persons with lower-limb amputations is longer on the intact side than the prosthetic side [142, 145, 149, 151-153, 155, 156, 159]. Likewise, the single-
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support time on the prosthetic limb is less than that on the intact side [146, 151]. Shortened stance and single-support time on the prosthetic side may indicate that prosthetic wearers are adapting their gait to restore weight bearing to the intact leg as soon as possible [152].  Step length data has shown that shorter steps are taken on the intact side. This adaptation is also reflected in the swing time data of people with transtibial amputations; whereby intact limb swing time is less than the prosthetic limb [145, 151, 153, 155].   
 Gait symmetry  Spatio-temporal gait measures can be used to assess gait symmetry. Asymmetrical gait has been associated with pain, joint degeneration and osteoarthritis of the hip and knee of the intact side due to repeated increased loading [128-130, 159]. Furthermore, due to lesser loading of the bones on the prosthetic side, reduced bone mineral density (osteopenia) and subsequent osteoporosis can occur [128-130].  Gait symmetry is used to monitor progress during rehabilitation [155] and to assess the efficacy of gait training and feedback strategies, with reductions in asymmetry being an indicator of successful training [160, 161]. Gait symmetry has also been used to evaluate the effect of socket and suspension components on the wearer’s gait pattern [56, 57, 162, 163].  Participants with transtibial amputations can have significantly greater asymmetry for stance time (as a percent of total stride time), single-support time, and push-off force than those without amputations [160]. Some degree of asymmetry is expected in people with lower-limb amputation due to the absence of neuromuscular and skeletal structures on the amputated side, the adaptations adopted in the absence of these structures and the inability of the prosthesis to replicate the function of the non-amputated limb [30]. However, with good prosthetic fit, the degree of asymmetry of gait can be reduced and the potential for premature degenerative arthritis reduced [128, 163-165].  Gait asymmetries can be quantified in a number of ways; via the differences between the limb values [155], as a ratio of limb values [57, 166], or through the use of defined gait symmetry measures, such as the Symmetry Index (SI), described by Robinson and Herzog [167, 168]: 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝐼𝐼 (𝑆𝑆𝐼𝐼) =  𝑆𝑆 − 𝑃𝑃0.5(𝑆𝑆 + 𝑃𝑃) ×  100% 
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where S is the measurement of the sound (intact) limb and P is the prosthetic limb. SI has been used to assess gait for people with transtibial amputations [56, 163, 169]. A modified form of the SI has also been used to assess gait symmetry of people with transtibial amputations; sometimes called the degree of asymmetry (DoA) [152, 160], where:  
𝐷𝐷𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝐷𝐷𝑜𝑜𝐴𝐴) =  𝑆𝑆 − 𝑃𝑃(𝑆𝑆 + 𝑃𝑃) ×  100% = 0.5𝑆𝑆𝐼𝐼 Although gait asymmetry is generally viewed as a negative consequence of lower-limb amputation, some evidence suggests that step length asymmetry may have a role in maintaining gait stability by increasing the backwards margin of stability (MoS) [170]. The MoS quantifies the relationship between the position of the body’s centre of mass and the base of support, while accounting for velocity, according to the theory that a person is dynamically stable when the extrapolated centre of mass is within the border of their base of support [171]; that is, within the region bounded by the position of the feet. The backwards MoS is generally at its minimum value at initial contact. Modifying intact limb forward foot placement to reduce intact limb step length (and hence cause step length asymmetry), can work to maximise the backwards MoS at initial contact and hence increase stability during gait [170]. Spatio-temporal parameters provide invaluable data on the walking patterns of people with transtibial amputations and informing the effect of varying socket components. Through analysis of spatio-temporal gait data it is possible to describe the effect of gait adaptations due to amputations and prosthetic components.  
2.4.3 User satisfaction Although previously discussed functional and biomechanical parameters can be objectively quantified, satisfaction has been shown to be the most important factor associated with the use of a lower-limb prosthesis [172]. Users who are less satisfied with their prosthetic limbs are less likely to use them on a regular basis, to the detriment of their rehabilitation and general health. While many factors contribute to satisfaction, the socket dictates prosthesis fit, and the resultant comfort experienced by the wearer.  Satisfaction is difficult to measure due to its subjectivity and multi-dimensionality [173-175]. That is, the satisfaction is likely dependent on multiple related or independent factors, such as comfort, aesthetics, and ease of use. The relative importance of these factors will differ for each individual depending on their circumstances. Wearers in under-resourced countries may find the aesthetics and social acceptance of a prosthesis more important than perfect gait symmetry as indicated by biomechanical measures. A 
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number of generic measures such as quality of life, Short Form 36 (or 12) and SIP (or SIP68), have been widely tested on other patient groups and have generally been found to be valid, reliable, and useful for clinical use and holistic healthcare [176]. This section will focus on prosthetic specific measures that have been previously used to assess the influence of transtibial prosthetic components comprising: user preference [77, 177], the Prosthetic Evaluation Questionnaire (PEQ) [57, 118], the Satisfaction with Prosthesis (SATPRO) survey [110, 111], and the Socket Comfort Score (SCS) [42, 56, 178]. 
 User preference User preference has been used during socket comparison studies to assess user satisfaction [52, 74, 77, 177]. Participants were asked to identify which socket they preferred or would like to keep for regular use and the ratio of the preference used to give an indication of the wider wearer acceptance. Although participant preference provides a good overall assessment of satisfaction during prosthetic component comparison studies, socket preferences may not provide sufficient detail for researchers to understand why a socket design may be considered more or less satisfactory. Due to this multidimensionality, ‘satisfaction’ must be broken down into specific and focussed queries concerning the contributing factors of satisfaction to provide useful insight [175].   
 Prosthetic Evaluation Questionnaire (PEQ) The Prosthetic Evaluation Questionnaire (PEQ) is a standardised survey specific for use with populations with lower-limb amputation. The total survey consists of 84 questions, although in research settings, sub-sections can be used to address specific issues [57, 118]. The questions refer to the respondents’ experience with their prosthesis in the four weeks immediately prior and are answered by marking their response along a 100 mm scale (Figure 2-6). The PEQ has been assessed to be both valid and reliable [179], however its application in clinical practise has been questioned due to its length and complicated scoring requirements [176].  
 
Figure 2-6 Example question from PEQ, Question B from Group 1: Questions about your 
prosthesis 
 30  
 Satisfaction with Prosthesis (SATPRO) The Satisfaction with Prosthesis (SATPRO) is a self-administered survey taking approximately five minutes. The initial fifteen survey items were developed on the basis of the most important criteria for the selection of a technical aid [173], and four additional items were since added (i.e. nineteen items total). Each item is answered using a four-point ordinal scale to assess the participants level of agreement with a given statement. The four-point scale was chosen over a five-point scale to avoid a centripetal effect by not allowing a neutral choice [173]. In addition to the total score (%) researchers can analyse the individual item results to understand the sources of satisfaction or dissatisfaction with a prosthesis.  Nine of the nineteen questions address the quality and fit of the socket, including ease of donning, comfortableness, pain, presence of skin problems, sweating and weather considerations and ease of mobility. The SATPRO has previously been used to assess socket interventions [111] in addition to broader issues of quality of life [180] and models of prosthetic service [110].  The SATPRO is validated and has been shown to have high internal consistency and test-retest reliability [172, 173]. The SATPRO score has been shown to be significantly correlated with physical independence, level of amputation and use of the prosthesis [173].  
 Socket Comfort Score (SCS) Comprising a single question, the Socket Comfort Score (SCS) was developed specifically to measure the self-assessed comfort of the prosthetic socket [181]. The SCS is based on the numerical pain scale [182] and is an eleven-point scale whereby the respondent is asked ‘on a 0 – 10 scale, if 0 represents the most uncomfortable socket fit you can imagine, and 10 represents the most comfortable socket fit, how would you score the comfort of the socket fit of your artificial limb at the moment?’ Although the PEQ and SATPRO provide a more holistic assessment of a prosthesis, the SCS is useful to assess the comfort of the socket with greater resolution than the four-point scale of the SATPRO. The SCS is commonly used [92] and has been shown to be repeatable, sensitive to change and valid for the assessment of prosthetic socket fit comfort [181]. Like the SATPRO, the threshold for meaningful change or minimally important clinical difference has not been quantified for the SCS. Conversely, the minimal detectable change for a modified version of the PEQ has been determined, improving researchers ability to interpret the results of the modified test [100]. 
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2.4.4 Socket interface pressures In addition to causing discomfort, an ill-fitting socket can lead to a range of skin disorders [36, 37]. Socket fit and the potential for skin breakdown can be examined by investigating the stresses experienced at the residual limb-socket interface. The first attempt to describe force patterns at the residual limb-socket interface was by Radcliffe in 1961 [122]. Radcliffe proposed a residual limb-PTB socket force distribution pattern that changes throughout the gait cycle, influenced by the shape of the socket, alignment of the prosthesis, muscle action, and angular position of the residual limb with respect to the GRF [122]. Goh and Lee’s pressure analysis study of PTB and PCAST sockets found that neither PTB nor PCAST socket anterior-posterior pressure profiles, or GRF, reflected Radcliffe’s predictions [71, 86, 183]. Conversely, Radcliffe’s predicted medial-lateral pressure profile was experienced by four of five participants wearing the PCAST socket [71] and all four participants fit with the PTB socket had the predicted medial, but not lateral pressure profiles [183].  
 Implications and interpretations of pressures The relationship between pressures experienced at the skin and the likelihood for skin breakdown is complex and depends on intrinsic factors such as age, soft tissue coverage and consistency, skin temperature, and degree of sweat, and extrinsic factors including the pressure magnitude, loading duration, loading frequency, and the anatomical location of the loading [17].  Previous studies have explored the relationships between applied pressure and tissue breakdown, however these generally concern the development of pressure sores among populations who are immobilised or neurologically impaired [17, 184-186]. Such relationships may not be directly transferable to prosthetic users due to the different anatomical locations, loading durations, and loading frequencies. Specifically, the tolerance of skin to applied pressure decreases as the duration increases [17]. Thus, the pressure levels or thresholds determined from sustained pressure exposure in immobilised populations are likely inappropriate for application in prosthetic users due to the cyclical nature of loading during gait. It is generally accepted that relationships exist between skin breakdown and pressure, loading durations, and anatomical locations of loading [17].   Historically, load-tolerant tissues of the residual limb were thought to be the patella tendon and medial tibial flare [43, 44, 122]. Conversely, the fibula head, tibial tuberosity, tibial crest, distal tibia, and distal fibula were thought to be intolerant or sensitive to load [43, 44, 122]. Indeed the distal tibia has been identified as the most common location of 
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skin problems in people with transtibial amputations [37]. Problems are more likely to be experienced at the anterior aspect where there is little soft tissue between the skin and underlying bone, compared to the posterior aspect that has a thick layer of soft tissue [17].  The physiological tolerance of the tissue, however, differs from the psychophysical tolerance of the wearer, which concerns the sensation or perception of pain or discomfort caused by the socket. The limits of psychophysical tolerance to socket pressure have been investigated in a number of studies [187-190]. Zhang and Lee applied known and gradually increasing force to different regions of the skin surface of the residual limb of eight people with unilateral transtibial amputations [187, 188]. This study investigated the participants’ pain threshold and tolerance, where pain was considered an indicator of skin tissue at risk of breakdown. Bony prominences of the tibial tuberosity, fibula head, tibial crest, and the medial tibial flare were among the most load-tolerant of the regions tested, after the mid patella tendon which was found to be the most tolerant site. The least tolerant regions were the distal tibia and distal fibula. Similar testing was completed by Wu with comparable results [191]. Such results are counter to generally accepted theories regarding regional tolerance of the residual limb [17]. It must be considered however, that the studies recorded the subjective pain thresholds of the participants, which does not account for the physiological tolerance of the different sites to pressure. Additionally, the pressure thresholds values determined in these studies were gained from the short-term application of perpendicular forces, not in a cyclic manner, nor incorporating shear, as in gait.  Neumann applied uniform pressure (10, 20, 30 or 40 mmHg) to the residual limbs of three people with transtibial amputations using a pneumatic socket casting device [189]. Perceived pressure, discomfort and pain were assessed using category scales of 10 points. Two of the participants could not perceive any differences between 10 and 40 mmHg, and the other (Participant 2) showed a linear relationship between perceived and applied pressure. Participant 2 also had a linear relationship between the pressure perceived and discomfort felt. No pain was felt by any participants during the pressure application. Neumann also investigated wearer perception associated with altered socket fit at the fibula head and the distal tibia. In these regions, perceived pressure and discomfort were highly correlated, with similar responses for all three participants. Although this study was limited by the small number of participants, trends between applied and perceived pressure and perceived pressure and discomfort were identified.   
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The only study of interface pressures and wearer comfort was completed by Safari et al., who compared the interface pressures in PTB sockets deemed comfortable and uncomfortable by five participants with transtibial amputations [190]. Participants required new sockets due to the discomfort or pain caused by their current socket due to residual limb volume loss, with an average of 3.8 ± 3.4 mm of sock thickness added by the participants to compensate for the loose fit. Participants were fit with a new PTB socket with Pelite liner which they wore for two weeks before testing with this ‘comfortable’ socket condition. The SCS was significantly higher for the comfortable socket (7.1 ± 2.6) than the uncomfortable socket (4.8 ± 2.8). The interface pressures were measured at the popliteal depression, patella tendon, fibula head, anterior distal and medial flare. The only significant difference between comfortable and uncomfortable PTB sockets was higher pressures at the popliteal region in early stance in the uncomfortable socket [190]. The uncomfortable sockets studied were all too loose, thus this study does not describe where regions of uncomfortable pressure may be in sockets which are volume matched, but poor fitting. 
 Methods and measures  Measuring pressures at the limb-socket interface is one of the most direct methods to gain data on the quality of socket fit. However, the residual limb is non-homogenous, consisting of regions of bone, muscle, fat and skin. This non-homogeneity leads to complex pressure distributions throughout the residual limb and complicates the measurement and interpretation of this key parameter. Currently, reliable quantitative data is commonly collected using either transducers built into the socket or in-situ transducers placed in between the residual limb-socket interface.  The method of inbuilt transducers requires that openings be made in the socket to allow for the pressure transducers to be mounted and contacting the residual limb. This method was used by various investigators to record static (standing) and dynamic (walking) pressure profiles for different socket designs [71, 72, 86, 183]. However, in order to position the transducers, a modified test socket needs to be fabricated with the in-built transducer housing. The fabrication process can be laborious and difficult and may also change the socket shape, affecting socket interface pressure measurements. While load cells in the socket wall return highly accurate and sensitive data, gaining an overall assessment of the pressure distribution and locating the sites of maximum pressure at the interface is not possible given the discrete placement of the sensors. Discrete sensors also have poor spatial resolution, limiting the ability to assess pressure gradients across the skin. 
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 Unlike inbuilt transducers, placing thin sensors in situ at the residual limb-socket interface enables measurements to be made without fabricating a modified test socket and with minimal interference [192]. In situ transducer arrays with large surface area, such as the Tekscan F-scan sensor (Tekscan Inc., USA), allow for measurement of more than 90% of the residual limb-socket interface to allow the evaluation of the pressure distribution of almost the entire interface area [74]. Each F-scan sensor comprises 96 sensels in an array, providing enhanced spatial resolution over discretely placed sensors and enabling the assessment of pressure gradients across the skin surface. The pressure sensor is an assembly of two sheets of polymer, with ink or carbon power and metal conductors sandwiched between the layers. The application of force causes an increase in contact area between the two sensor sheets, resulting in a change in electrical resistance calibrated with pressure readings. Limitations of Tekscan sensors are well documented and include sensitivity to loading rates, hysteresis, crosstalk, loading range, drift, and a susceptibility to temperature [193, 194]. Other in situ systems utilise sensors with a smaller surface area, such as the Novel Pliance® system (Novel, Germany) which enable researchers to position the discrete sensors over specific anatomical locations of interest [190, 195]. Novel sensors are capacitive rather than resistive, that is the output is based on the capacitance change between two parallel plate when force or pressure is applied. Capacitive sensors are generally less sensitive to temperature and humidity [196]. The output of capacitive sensors tends to be lower than resistive sensors because they measure the average, rather than peak, pressure over the sensing area [196]. The use of smaller discrete sensors requires researchers to predetermine the areas of interest for pressure recordings. Pressure measurement techniques can generate large amounts of data, representing the measured pressure values over the 2D surface area of the interface over the time of the gait cycle (i.e. 3D data). To condense and simplify this 3D data for presentation and discussion, researchers generally reduce the dimension of time by only looking at certain points in the gait cycle [70, 71, 74, 86, 183, 190, 197] or reduce the area by only looking at certain regions and quantifying the average output of these regions [72, 74, 190, 195]. Although these methods simplify the data for comparison and presentation, such actions may mask the important parameters for assessing socket fit such as the peak pressures at any location or time point, or the duration of loading experienced. It is not yet understood if high pressures of shorter durations or submaximal pressures of longer 
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durations are more likely to contribute to skin breakdown [198]. Thus, it is important to measure and report both peak pressures and loading durations.    
2.5 PREVIOUS STUDIES OF PRESSURE-CAST SOCKETS  In this section are relevant studies that assessed pressure-cast transtibial prosthetic sockets (i.e. hands-off methods) using functional outcome tests, biomechanical gait parameters, pressure interface measurements or user satisfaction, or a combination of these measures. Only studies that explicitly stated that pressure casting (pneumatic or hydrostatic) was used are included. The studies were separated into two groups, those which used an Ossur ICEX or Icecast system with a roll-on elastomer (e.g. silicone) liner and those studies without a roll-on liner.   
2.5.1 Studies with silicone liners A number of studies have examined wearer outcomes with sockets cast using the commercially available Ossur ICEX and Icecast systems. These systems use pneumatic pressure to directly laminate a socket on the residual limb, generally in a seated position, and include a silicone liner, (i.e. the socket is cast over the worn liner). The use of silicone however may not be appropriate in under-resourced environments due to associated monetary costs, potential for skin problems (especially in hot and humid environments), poor durability and high maintenance requirements [81, 82]. Thus, studies of sockets with silicone liners are not directly applicable to the scope of the thesis. Regardless, the studies suggest the potential for success with pressure-cast sockets and indicate potential clinical efficiencies in the absence of other data.  In general, participants preferred or assessed comfort to be greater with the pressure-cast sockets [56, 77, 78]. However, there were few other differences between traditional hand-cast and pressure-cast sockets. No differences were found in the analysed biomechanical data between the sockets [56, 57]. An activity monitor identified that those with PTB sockets spent more time upright however this appears to be an artefact of participant group selection [57]. Generally, higher pressures were seen in the pressure-cast socket with a similar pressure distribution between the sockets cited by the authors [74]; however, limitations in the pressure analysis make conclusions difficult. Reviews have identified little quality evidence to inform prosthetic liner selection and prescription [80, 199]. Although there is some evidence to suggest improved suspension and walking distances and less reliance on walking aids with silicone liners, there is conflicting evidence regarding skin health, with some evidence indicating skin problems can be 
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caused by silicone liner use (folliculitis, allergic reactions, skin maceration, heat rash) [80].  Analysis of clinical efficiencies associated with pressure-cast sockets have identified substantial time savings associated with pressure casting compared to hand-casting; however, the direct socket (ICEX) involved in these studies likely accounted for the majority of the time saved [56, 57]. The total monetary cost of the pressure-cast prostheses was greater than the PTB prostheses, however this was due to the component costs, e.g. the silicone liner [56, 57]. 
2.5.2 Studies without silicone liners  Few studies have assessed the use of sockets cast with either a simple foam liner (e.g. Pelite) or no liners. Further, the studies mostly analysed pressure or socket comfort; there is little functional or biomechanical data on pressure-cast sockets without silicone liners or data comparing the functional or biomechanical outcomes of individuals with pressure-cast sockets without silicone liners and PTB sockets.  Pressure studies have used varying methods to describe the pressures experienced at the residual limb-socket interface. These studies have shown that the hypothetical uniform pressure distribution at the interface of pressure-cast sockets does not exist [70-73]. Regardless, the interface pressures of pressure-cast sockets generally result in less high-pressure peaks than PTB sockets studied [70, 72, 73, 75, 76]. Comparatively, the average pressure experienced over large regions in pressure-cast compared to PTB socket results are inconsistent. The pressures in the pressure-cast socket has been measured to be both higher [76] and lower than that of specific load-bearing PTB sockets [73, 75]. However, some of these studies were limited by low participant numbers [70, 71] and the pressures presented were either derived from averaging over large regions [70, 74], or values from discrete load cells [71-73], limiting the ability to determine the anatomical locations of high pressures within the sockets. Additionally, the durations of loading, the changing pressure profile over the whole the gait cycle, or the relationship between pressure and comfort have not been adequately explored for pressure-cast sockets.  Studies have shown that pressure-casting techniques can produce comfortable sockets without uniformly distributed pressure at the residual limb-socket interface [70-73] and that pressure-casting methods can provide more comfortable, or preferable, sockets than hand-cast methods for some participants [72, 86]. However, the most comprehensive study on socket comfort in pressure-cast sockets identified the PTB socket as the more comfortable design, especially following a month-long usage period [42]. The usage 
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period associated with the study is the longest of any study of pressure-cast sockets (without silicone liners) [42]. In both the PTB and pressure-cast groups, socket comfort levels were greater for participants whose socket type had not changed from prior to the trial, which potentially contributed to the greater comfort levels of participants fitted with the PTB socket [42]. Although the PTB sockets were identified as the more comfortable socket design, the authors noted that the pressure-cast sockets were nonetheless quite satisfactory [42]. Such results suggest that there is more than one successful socket concept and patient preference can be dependent on residual limb morphology, comorbidities, and individual adaptations and experiences. Although no dedicated study has been completed, clinical notes and trends indicated that people with longer, volumetrically-stable residual limbs with firmer soft tissue consistency may be more likely to be successful candidates for pressure-cast sockets [42, 86].   
2.6 CHAPTER SUMMARY  Transtibial amputations occur when the tibia and the fibula are transected to wholly remove the foot and ankle unit. Transtibial amputations have high rates in some developing countries due to traumatic causes such as war, explosive remnants of war, road traffic accidents, and natural disasters.  The socket can be considered the most important aspect of the artificial limb, constituting the critical interface between the residual limb and prosthesis, dictating the fit and comfort for the wearer, and influencing wearer gait and functionality. The socket is also the most skill-reliant and labour-intensive component of a transtibial prosthesis.  Current socket casting methods in under-resourced environments are characterised by a high reliance on the skill and experience of a trained, usually expatriate, Category I prosthetist. Pressure-casting methods have been advocated to reduce this skill dependency, and improve the consistency, of casting. Although the potential advantages of pressure-cast sockets in under-resourced environments have been identified, no study to date has used anyone with less than a Category I qualification to complete the pressure casting nor has a study been performed in an under-resourced setting. Socket fit can affect the functionality, gait characterises, residual limb skin health, comfort, and the satisfaction of the wearer. As such, there are many methods to assess wearer outcomes in prosthetic sockets. This chapter discussed the methods and 
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implications of functional outcome measures, biomechanical parameters of gait, measures of user satisfaction and socket interface pressures.    Studies of pressure-cast sockets that utilise the above methods are discussed. Studies using silicone liners provide some indication for the potential success of pressure casting in under-resourced environments; however, the use of the liner is not appropriate. There is a shortage of studies that used pressure-casting methods without a silicone liner. These studies mostly investigated limb-socket interface pressures; however, due to methodological limitations, the anatomical loading sites, durations of loading, changing pressure profile over the whole the gait cycle, and the relationship between pressure and comfort have not been adequately studied for pressure-cast sockets. There is limited socket comfort data and little to no functional or biomechanical data on pressure-cast sockets without silicone liners. Thus, although less skill-dependent pressure-casting techniques have potential benefits in under-resourced environments, there is currently little evidence available to evaluate the wearer outcomes in pressure-cast sockets.    
 39  
3 PRESSURE CASTING, PROSTHETIC LIMB FABRICATION 
AND PARTICIPANT ASSESSMENT TECHNIQUES 
3.1 CHAPTER INTRODUCTION This chapter describes the PCAST technique for socket manufacture and the data collection and socket assessment techniques used throughout the studies in this thesis. The PCAST methods and data collection are described in each published manuscript of Chapters 5, 6 and 7; however, this chapter expands and supplements the methodological detail, that was limited due to publication word limits, and to justify the choice of methods used throughout this thesis. The socket production method described in Sections 3.3 and 0 describes that used in Chapter 4. Section 3.5 describes alternations to the technique, adopted in Chapters 5, 6 and 7.  
3.2 THE PCAST TANK The PCAST tank was manufactured of polyvinyl chloride (PVC) pipe with two valves to allow water and air ingress and egress (Figure 3-1). A polyethylene bag was used as a plastic diaphragm to separate the plaster-wrapped residual limb from water. The polyethylene bag had sufficient length to extend approximately half the length of the tank and was secured by rubber seals, bushing, and screws (Figure 3-1). Sufficient bag length was also required to ensure participants of various heights and residual limb lengths may use the tank without the distal end contacting the bottom of the bag. When the plastic bag was secure, the water supply was attached to the tank and the air valve left open. Water then filled the tank with air egressing through the top valve. The air valve was closed when the water level reached it, and the water outlet opened to drain water; creating a vacuum and adhering the plastic bag to the walls of the tank. The tank was then ready for use.  
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Figure 3-1 The PCAST tank a) air and water input valves, water egress valve not shown and 
b) secured plastic diaphragm 
The tank was positioned within easy reach of a structure such as a walker or parallel support bars (Figure 3-2). This enabled the participant to stand comfortably with a weighing scale placed next to the tank to ensure the participant is 50% weight bearing through the pressurised tank during casting.  
 
Figure 3-2 Tank, weighing scales and participant support during stance provided by a) 
walking support frame and b) vertical parallel bars 
The system is inexpensive to manufacture, and all required materials should be readily available in developing countries. PCAST tanks used in the studies herein were all manufactured in Hanoi, Vietnam, with all components locally sourced. The PCAST tank is portable and requires only running water to operate, making it ideal for transportation 
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and use in the rural setting. In these studies, the water was supplied to the tank through standard faucets in the clinic with no pumps required.  
3.3 THE PCAST TECHNIQUE  The method to produce PCAST sockets is briefly discussed in Chapter 2. For the studies in Chapters 4, 5 and 7, the casting was performed by a single individual, a local ISPO Category II orthopaedic technologist, trained on-site at VIETCOT. For the study in Chapter 6, an ISPO Category I prosthetist trained and with 15 years working experience in Australia completed the casting. Although the ISPO qualification level of an individual does not represent the entirety of their training, skills or experiences; the ISPO category classification system was deemed the most appropriate and definitive way to classify the attending clinicians. 
3.3.1 Casting The participants’ residual limb was firstly covered with a nylon stocking. Wet Plaster of Paris bandage was wrapped around the limb and smoothed until the whole residual limb was uniformly wrapped with several layers of bandages, to a level just proximal to the popliteal depression. The participant then placed their intact limb on the scale and the residual limb into polyethylene diaphragm of the pre-prepared casting tank, which separates the limb from the water.  A system of two taps allowed water to be flowed into and released from the tank until optimum hydrostatic pressure was achieved. This was determined as the pressure at which the participant was able to stand straight, with equal weight distributed across the two limbs, as confirmed by the weighing scale. Palpation of the iliac crests was performed to ensure the pelvis was level. The absolute value of the tank pressure required was not recorded, as it was unique to a participant’s weight. The participant was instructed to hold this position for 2-3 minutes while the plaster set. Once the plaster set, water was released from the tank, depressurising the bag, enabling the participant to remove their residual limb from the PCAST tank. The hardened plaster wrap cast was then removed from the residual limb for socket fabrication (Figure 3-3). 
 42  
 
Figure 3-3 The pressure-casting (PCAST) technique 
a) plaster wrap cast, b) participant placed residual limb into PCAST tank, limb was 
placed into a plastic diaphragm and pressurised with water, c) participant stood 
normally with equal iliac crest height, d) intact and residual limbs supported half-
body weight each. Intact limb support measured by weight scales, e) PCAST tank 
depressurised and participant residual limb removed, f) hardened plaster cast 
removed and used to produce hard socket without any shape rectification. 
3.4 PRODUCTION OF THE SOCKET AND PROSTHESIS ICRC polypropylene technology was used to produce the socket and the remaining limb components. Thus, the PCAST socket inherited the desirable polypropylene characteristics of durability, lightness, climate consideration, and cosmetic acceptability [22-24]. Further, there was no additional training required for the local technicians who constructed the socket using traditional lamination methods and existing workshop facilities.   
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The ICRC polypropylene process follows the traditional methods of socket fabrication. A positive mould (or cast) is created by pouring plaster into the participant’s plaster wrap cast of the residual limb, i.e. negative mould. After the plaster set, the negative mould was removed from the positive cast. Additional plaster was added to the distal end of the cast to allow clearance at the end of the socket and prevent distal end bearing. A light file was used to remove any sharp edges or protrusions in the positive cast, however, no rectifications or reliefs were introduced at this stage.  The transtibial cup was positioned at the distal end of the mould and aligned according to ICRC instructions [47]. The transtibial cup housed the screw components to attach the socket to the shank. Plaster was used to fix the cup in place. Standard ICRC thermoforming methods were used to create the polypropylene socket from the positive cast [47]. Polypropylene sheets were cut into a trapezoidal shape, heated to approximately 180˚C in the oven, and the heated sheet wrapped around the positive plaster mould with the welding seam positioned posteriorly. A vacuum pump on a vertical suction hose was used to thermoform the socket. A plastic bag closed securely below the mould was placed over the mould and the vacuum process initiated. Once all air had been removed, and the polypropylene allowed to cool, the vacuum was turned off (Figure 3-4). The hard-polypropylene socket was removed from the mould and the transtibial cup remained fixed in the polypropylene socket. The welding seam and any rough edges were filed off (Figure 3-4). Further information and figures illustrating this process can be found in the ICRC Transtibial Prosthesis Manufacturing Guidelines [47].  
 
Figure 3-4 Socket thermoforming (left) and removal of welding seam (right) [47] 
The rest of the prosthetic limb was assembled using the standard ICRC polypropylene methods and components, including a rubber foot [47] (Figure 3-5). The system comprises an angular alignment system of convex and concave discs to work in a similar manner to commonly used pyramid alignment systems [22]. No liners were used with the PCAST socket. A cotton sock was the only soft interface between the hard-polypropylene socket and the participant’s residual limb. 
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Figure 3-5 ICRC foot, shank and alignment components: 1) foot, 2) convex ankle, 3) concave 
cylinders at either end of shank pieces, 4 ) convex disc, 5) cylindrical transtibial cup [47] 
Standard bench configuration was adopted with the sagittal midline falling through the posterior third of the foot, the coronal midline through the middle of the heel, and the foot externally rotated 3-5 degrees to the line of progression. Dynamic adjustments were made where necessary. Further detail on the alignment process can be found in the ICRC transtibial prosthesis manufacturing guidelines [47]. Upon completion of the prosthesis, polypropylene cosmetic covers were manufactured to improve the aesthetic appeal of the prosthesis.  It was intended that the PCAST technique involved no rectifications; however, during fitting and from verbal feedback it became clear that for some participants minor adjustments were needed to relieve uncomfortable pressures at identified areas. The only adjustments permitted however were to soften the manufactured socket wall with a heat gun and expand the volume with simple tools. No indentations or deliberate load-bearing locations were created. All socket reliefs performed were recorded.  
3.5 DEVELOPMENTS OF THE PRESSURE-CASTING TECHNIQUE As the studies progressed, a number of issues were identified, and alterations suggested to improve the likelihood of successful use of the socket. These are described below and in the appropriate chapters. 
3.5.1 Casting with a cotton sock Following preliminary analysis of the PCAST socket (Chapter 4), an alteration to the casting procedure was implemented where the participant was cast with a thick sock (approximately 2-3mm when compressed) over their residual limb. That is, the person donned a thick sock and the wet plaster was wrapped over the sock before continuing with the casting procedure. This revision was introduced to address issues regarding proximal shifting of residual limb soft tissue and subsequent uncomfortable tightness 
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around the condyles. It was thought that casting with the sock would create a larger socket to prevent proximal shifting of soft tissue as the socket was donned and account for volume fluctuations. This method was adopted for the larger study of wearer outcome measures (Chapter 5) and analysis of interface pressures of PCAST sockets in Chapter 7. 
3.5.2 Casting with a Pelite liner A study was conducted to compare initial wearer outcomes of the PCAST and PTB sockets (Chapter 6). For the purposes of this study, a Pelite liner was manufactured for both socket types to allow comparison. The hard socket was created to be volumetrically larger than otherwise to account for the Pelite liner. As such no cotton sock was worn during casting, as it would further expand the socket. Pelite liner manufacture followed the standard ICRC manufacturing guidelines [47].  
3.6 DATA COLLECTION AND SOCKET ASSESSMENT METHODOLOGY All studies in this thesis were completed at VIETCOT in Hanoi, Vietnam. To complete the studies, the researchers travelled from Melbourne, Australia to VIETCOT over four one-week periods (Figure 3-6).  
 
Figure 3-6 Data collection activities  
Participants of studies of Chapters 4, 5 and 7 were assessed before and after a 
5-month usage period. Participants of the study in Chapter 6 only completed initial 
assessments following casting (no usage period). VIETCOT is a training centre with clinical consulting rooms and a manufacturing workshop; thus, data collection occurred outside of normal biomechanical laboratory 
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conditions. Section 2.4 described the techniques commonly used to assess wearer outcomes with prosthetic sockets. The facilities available and time constraints of the data collection periods necessitated that the adopted assessment techniques met the following criteria: 
• Able to be completed in the available rooms in VIETCOT with readily obtainable facilities and furniture.  
• If required measurement equipment was not available (e.g. instrumented walkway), the technology had to be transported from Melbourne via international passenger flight and assembled and prepared for use at VIETCOT in a timely manner (i.e. < 1 hr). 
• The technique must not require, or inadvertently cause, alterations to the socket or prosthetic limb. 
• Participant instructions to complete the assessment be easily translated to Vietnamese and simple to comprehend. 
• All data collection completed during the stated four one-week periods while the participant was on-site at VIETCOT, to ensure both the VIETCOT staff and researchers were available to translate and answer participant questions.  The assessment techniques throughout Chapter 4 through 7 are described in Sections 3.6.1 to 3.6.3, which also include additional methodological information that could not be included in the published manuscripts due to word limit restrictions.  
3.6.1 Functional outcome measures The Timed Up and Go (TUG) and Six-Minute Walk Test (6MWT) represent commonly-used and complimentary tests to assess the mobility and functional capacity of prosthetics users of varying functionality. Thus, the TUG and 6MWT were the desired functional outcome tests for inclusion in the studies.  The TUG requires a chair and 3 m walking space with additional adequate space for turns. These requirements could easily be met at VIETCOT. Instructions for the TUG were translated to Vietnamese by VIETCOT staff and delivered to the participants. The instructions were to ‘complete the task as quickly as possible’ and the time (in seconds) to complete all tasks was recorded. After a practice trial, the participants completed the TUG three times, the average value used for the analysis.  The 6MWT required adequate floor space for the participant to walk continually for 6 minutes. The largest available floor area that was free of obstacles was 3 m wide allowed 12.5 m of walking with adequate room for turns at either end of the walkway. 
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The recorded 6MWT distance of adults aged 50 years decreases with decreasing walkway lengths [200]. Thus, the 6MWT results in this thesis are likely to be less than those which would be obtained over a longer walkway. The 12.5 m walkway length was kept constant for all participants and all trials, permitting comparisons across participants, limb conditions, and following usage periods. No standardised verbal encouragement was given throughout the test. Participants were instructed via VIETCOT staff to ‘walk at a speed that is normal or comfortable’ and a familiarisation lap (i.e. 2 walkways) was completed prior to the trial. Each 12.5 m walkway completed was counted as the participant walked. The participant was instructed to stop when 6 minutes had elapsed, and a mark was made at the front of their toes from their stopped position. The distance traversed from the last completed walkway to this mark was measured and the total 6MWT calculated.   
3.6.2 Biomechanical parameters of gait It was not possible to transport or assemble at VIETCOT a multi-camera system and force plates required for 3D motion capture. Thus, spatio-temporal gait parameters were captured using the GAITRite® (CIR Systems Inc., Clifton, NJ, USA) instrumented walkway for Chapters 4 and 5, and the Zeno (ProtoKinetics; Havertown, PA) instrumented walkway for Chapter 6. The GAITRite® and Zeno walkways were 4.57 m and 5.07 m long respectively. The walkways were assembled on a flat surface with sufficient clearance (2-3 m) at either end to encourage steady walking speeds across the walkway. Participants completed two practice walks followed by six to eight walks at a self-selected speed. The instructions were ‘walk at a speed that is normal or comfortable’. Data collection occurred at 80 Hz. Descriptive statistics (mean ± SD) were calculated for each participant and used in the statistical analysis. Gait speed, cadence, step length, stride length, support base, single support time, double support time, stance time, step time and stride time data were extracted. The GAITRite® walkway has been shown to have excellent reliability for most spatio-temporal measures [139, 140]. The Symmetry Index (SI) was used to assess the symmetrical nature of the participants’ gait. The SI was calculated as described by Herzog et al. [167] for the spatio-temporal measures of interest, determined a-priori as step length, step time, stance time and swing time.  
3.6.3 User satisfaction A user satisfaction survey was selected so that it could be easily translated to Vietnamese, understood by the participants, completed in a timely manner, and be appropriate for use 
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following both short (approximately 15 minutes) and long (approximately 5 months) acclimatisation and usage periods. The SATPRO was adopted for this purpose (Appendix A – SATPRO).  Each question was scored out of three; three indicates total agreement with a positive statement or total disagreement with a negative statement and a score of 0 represents the vice versa. The score is calculated as: 
𝑆𝑆𝐴𝐴𝑆𝑆𝑃𝑃𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆 (%) =  𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐷𝐷𝑔𝑔𝑔𝑔𝑆𝑆𝐼𝐼 𝑆𝑆𝑆𝑆𝐴𝐴𝑟𝑟𝑜𝑜𝐼𝐼𝐴𝐴𝑆𝑆𝐴𝐴3 × 𝐼𝐼𝑆𝑆𝑆𝑆𝑛𝑛𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐴𝐴𝑟𝑟𝑜𝑜𝐼𝐼𝐴𝐴𝑆𝑆𝐴𝐴 𝐷𝐷𝑔𝑔𝑔𝑔𝑆𝑆𝐼𝐼 × 100 It was determined that the SATPRO included five questions that could not be adequately answered following a short acclimatisation period. The excluded questions were:  Q4. My prosthesis causes skin problems,  Q7. When I am in the presence of people other than my family, I am at ease wearing my prosthesis,  Q9. My prosthesis works well regardless of the weather,  Q12. I can wear my prosthesis all day long and  Q13. The repairs/adjustments to my prosthesis are done in reasonable time.  Thus, the pre-usage period SATPRO excluded these items, leaving 14 questions; more than the minimum 11 questions recommended for validity by the SATPRO developers [173].    The SATPRO was developed to consider the most important aspects of the whole prosthesis, thus not all questions pertain to issues which are caused or influenced by the socket. Upon recognition of this issue, a second, more sensitive measure of subjective satisfaction, the Socket Comfort Score (SCS) was included in the assessments. The SCS is shown to be consistent and reliable where patients subjective ratings correlate highly with assessments made by an independent physician [181].  The SCS is a simple numerical scale to record the perceived socket comfort experienced by the wearer. The question: ‘on a 0 – 10 scale, if 0 represents the most uncomfortable socket fit you can imagine, and 10 represents the most comfortable socket fit, how would you score the comfort of the socket fit of your artificial limb at the moment?’ was translated into Vietnamese and the participant’s recorded their answer by circling one of the horizontally listed numbers. The SCS test was conducted at the end of the SATPRO and was implemented from the third data collection period onwards (Figure 3-7). 
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Figure 3-7 Adoption of SCS measure 
3.6.4 Socket interface pressures Socket interface pressures were investigated to examine socket fit and understand load transfer pathways through the socket. In-situ pressure-measurement techniques were chosen to avoid socket alterations required for in-built transducers. The resistive Tekscan F-socket sensors were used to record pressure measurements over the socket interface. Known limitations of the Tekscan sensors include sensitivity to loading rates, hysteresis, crosstalk, loading range, drift and a susceptibility to temperature [193]. Although these limitations affect the absolute data obtained, the aim of this study was to create an overall picture of the pressure distribution at the residual limb-socket interface, deducing the areas of high and low pressure. As such, the use of these sensors was deemed appropriate. Sensors were used for three participants on average, after which they were discarded, however the data was monitored during collection for irregularities and sensors discarded as required. Pressure data was collected from the participants who completed the usage period with the PCAST socket. Given the alteration to the socket casting technique adopted following Chapter 4 (Phase 1), only participants from Phases 2 and 3 were assessed for inclusion in the pressure analysis study (Chapter 7) (Figure 3-8).   
 50  
 
Figure 3-8 Participants for pressure analysis  
 Preparing the Sensors: Preconditioning, Equilibration and Calibration Tekscan sensors can exhibit inter-sensel variations during pressure sensing, however, these variations can be minimised with appropriate preconditioning, equilibration and calibration [74]. The sensors were preconditioned, equilibrated and calibrated using the Tekscan Equilibration and Calibration Air Bladder Device (model PB15C, Tekscan Inc., USA), shown to improve sensor utility by reducing inaccuracies [201]. The Tekscan software has an inbuilt sensel equilibration function to minimize inter-sensel variation. The function applies a scale factor to each sensel so that its digital output is equal to the average of all loaded sensels when they’re subjected to uniform loading.  The Tekscan system software also provides two calibration options; a single-point linear calibration and a two-point power calibration. In comparing the accuracy of the provided functions, Brimacombe et al. found that the power calibration was the most accurate of the calibration algorithms provided in the system software [202]. However, calibration accuracy can be increased almost five-fold using a user-defined 10-point cubic calibration [202]. As such, a user-defined calibration curve was adopted. The curve was initially based on a 15-point cubic polynomial, with data ranging from 10 kPa to 150 kPa, at 10 kPa intervals. RMS analysis revealed consistent inaccuracies at the 50 kPa point; as such, three further points were added to the curve in this region to increase sensitivity and minimise variances. When using a cubic calibration, often a point of inflection occurred at a point >150 kPa, creating a highly inaccurate calibration equation at high pressure levels. Hence a linear calibration was used with very high resultant R2 values 
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(0.9988 ± 0.0013). Previous studies have measured residual limb-socket interface pressures as high as 400 kPa [197, 203], thus, it would be ideal to increase the calibration range to include pressures of this magnitude. However, the maximum applied pressure of the Calibration Air Bladder Device was 150 kPa, thus the linear calibration was extrapolated to levels pressures than 150 kPa. The participants completed an additional preconditioning sequence of approximately 15 steps before the recording of pressure data began. 
 Pressure data collection and analysis Calibrated sensors were adhered directly to the anterior, posterior, medial and lateral aspects of the participants’ residual limbs using a low-adhesive tape to fix the placement consistently for all participants (Figure 3-9). The location of anatomical points of interest were noted in relation to the corresponding sensel. The sensors were adhered to the limb rather than the socket to both enable anatomical landmark identification on the sensor and allow measurement of pressures at the skin, rather than the socket wall, which may be dampened due to the use of cotton socks. No data was collected from the distal end of the limb. For participants with limbs shorter than the 16 sensel rows, the distal sensel rows were trimmed. All participants used either 12, 14 or 16 sensels rows. The sensors collected pressure data at 200 Hz as the participant completed 7 straight line walking trials on a flat surface at a self-selected walking speed over 8 m. Since the Tekscan hardware consisted of only two channels, two separate trials were conducted, first for the anterior-posterior aspects, and secondly for the medial-lateral aspects Pressure data for each aspect were extracted from 15 representative gait cycles (GCs) or strides which best represented steady-state walking from the 7 trials. The GCs were identified by the point representing initial contact. No additional gait events were identified throughout the gait cycle. 
 
Figure 3-9 Example lateral aspect sensor placement and identification of fibula head. Sensor 
trimmed to 12 rows.   
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4 PRELIMINARY IMPLEMENTATION AND ANALYSIS OF THE 
PCAST SOCKET 
4.1 CHAPTER INTRODUCTION The PCAST technique was introduced as a hydrocasting method that minimises skill dependency during casting and may have benefits in under-resourced environments. This chapter presents a preliminary study of the wearer outcomes of participants fit with PCAST sockets. This is the first research conducted using the PCAST technique with more than five participants [71, 86] and examining pressure-cast socket outcome measures beyond pressure and comfort. This was also the first study to assess the use of a pressure-casting technique in an under-resourced environment (i.e. Hanoi, Vietnam).   This study investigated whether the PCAST technique can produce a functional and satisfactory socket for people with transtibial amputations in an under-resourced environment, where the PCAST socket was cast by a local Category II technician and the prostheses constructed using low-cost ICRC polypropylene components. It was hypothesised that for participants who found the PCAST socket acceptable for use after the initial fit, their satisfaction and functionality would increase following an extensive usage period as they became more acclimatised to the socket. Some data from this chapter is published in a full-length article in the Journal of Rehabilitation Research and Development, reference below: P. V. S. Lee, N. Lythgo, S. Laing, J. Lavranos, and N. H. Thanh, "Pressure-casting technique for transtibial prosthetic socket fit in developing countries,” Journal of 
Rehabilitation Research & Development, vol. 51, no. 1, pp. 101-10, 2014. 
4.2 METHODS 
4.2.1 Participants  The trial was conducted at the Vietnamese Training Centre for Orthopaedic Technologists (VIETCOT) clinic in Hanoi, Vietnam. Ethical approval to conduct the study was granted by the ethics committees at both the University of Melbourne (Australia) and the University of Labour and Social Affairs (Vietnam). All participants were recruited through the VIETCOT patient database and written informed consent was obtained from all 
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participants. Participant information sheets and consent forms were written in plain English and translated for the participants by bilingual VIETCOT staff. Fifteen participants with unilateral transtibial amputations were recruited for the study. Eligibility for the study dictated that all participants were 18 years or older, active wearers (i.e. K1 or greater) and long-term users (i.e. ≥ 1 year) of prosthetics and they did not have substantial comorbidities or require additional aids.   
Prior to the tests, a senior prosthetist with 13 years of experience assessed the participants’ residual limb condition including information regarding skin, tissue state, identification of any abnormalities, and K-level [204].  
4.2.2 Producing the PCAST socket   The PCAST technique and limb production methodology is described in detail in Chapter 3. In this study, a local VIETCOT Category II Orthopaedic Technologist cast, aligned and fit the PCAST socket. Local staff aided in the production of the other limb components according to ICRC manufacturing guidelines [47]. The only soft interface between the residual limb and socket were thick cotton socks, as commonly used by people with transtibial amputations. Each participant wore their own shoes with the type (i.e. dress shoe, sneaker or sandal) noted.  
4.2.3 Participant assessments PCAST socket assessments occurred over one week, on two occasions; initial assessment (pre-usage period) and the follow-up assessment after an extended usage period (post-usage period). Following successful fit and alignment, to both participant and technician’s satisfaction, the participant completed a short acclimatisation period of approximately 15 minutes. Initial assessments were then completed to evaluate the participants’ pre-usage period outcome measures.  The participants then completed an extended usage period of approximately five months. Participants retained their original prosthesis for the duration of the trial and were instructed that they could reject the prescribed PCAST prosthetic limb and revert to their original prosthesis at their discretion at any time.  Upon return, following the extended usage period, the same assessments were completed. Post-usage period results were compared with the pre-usage period results to evaluate the differences in user outcome measures over an extended usage period with the PCAST socket. 
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4.2.4 Outcome measures Functional outcome measures comprised the Timed Up and Go (TUG) and Six-Minute Walk Test (6MWT), spatio-temporal gait measurements, and the Satisfaction with Prosthesis (SATPRO) survey.  
 Data analysis  Data normality were assessed by skewness and kurtosis. Repeated measures multivariate analyses of variance (RM MANOVA) with contrast testing (two-tailed) were used to compare the PCAST (pre) data and PCAST (post) data. Four RM MANOVA were performed: grouped outcome measures (6MWT, TUG, SATPRO, velocity and cadence), spatial gait measures (step length, stride length and support base for both the intact and prosthetic limbs), temporal gait measures (step time, stride time, swing, stance, single-support and double-support times as a percentage of the gait cycle for both intact and prosthetic limbs) and the Symmetry Indices (SI) measures (step length, step time, swing time and stance time). Statistical calculations were performed with SPSS (version 22) 
with α = 0.05. Effect sizes were calculated using Cohen’s d for all comparisons, with 0.2 deemed as small, 0.5 as medium, and 0.8 as large effects. Residual limb data and initial outcome measures were quantified and compared for the participants’ who successfully used the PCAST socket and those who did not. Given the small sample size, there was not sufficient power to statistically analyse any such relationships. All statistical calculations were conducted using SPSS version 20 and Microsoft Excel 2013. 
4.3 RESULTS 
4.3.1 Participants and socket usage Fifteen participants were assessed for eligibility to participant in the study. Two participants were excluded due to irregular residual limb morphologies (excessive scarring and loose distal tissue mass). The supervising Category I prosthetist considered that total surface bearing sockets, such as those produced by the PCAST technique, would be inappropriate for these participants.  Thirteen participants were cast and fit with the PCAST socket, twelve males and one female (Table 4-1). The mean age of the participants was 47.4 ± 16.3 years. The predominant cause of amputation was trauma (ten participants). All participants’ original prostheses had PTB sockets, with standard leather cuff suspension or supracondylar suspension (patella tendon supracondylar; PTS socket), with one participant using a thigh 
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corset. Eleven participants wore a Pelite liner. Ten participants were K3 and three were K2. All participants were regular users of their prosthesis and had undergone amputation at least two years prior to the study.  Of the thirteen participants who were cast with the PCAST socket and provided with the PCAST limb, twelve returned after a usage period of 167 ± 1 days, with the remaining participant (Participant 1) becoming deceased during the usage period. Eight of the twelve returning participants successfully used and wore the PCAST socket on a regular basis over the usage period and were sufficiently satisfied to continue to do so. As such, the ‘success’ rate of this preliminary study was 66.7% (Figure 4-1). Although the researchers had no control over how much the participants used the prosthesis over the extended usage period, the participants indicated regular use throughout the usage period.
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Table 4-1 Participant details (n = 13) 
Participant number 
 1 2 3 4 5 6 7 8 9 10 11 12 13 Age (years) 47 47 64 37 67 42 74 20 63 49 26 32 48 BMI (kg/m2) 15.4 21.1 22.0 18.4 18.1 22.9 24.5 21.3 20.8 16.8 19.0 25.4 17.3 Sex (M/F) M M M M M F M M M M M M M Amputation side (R/L) R R R L L R L L L L L L L Cause Trauma Trauma Trauma Trauma Osteo-sarcoma Trauma Trauma Osteo-sarcoma Trauma Trauma Trauma Congenital Trauma Years since amputation 36 26 39 17 43 28 42 4 40 30 2 32 30 Activity Level K3 K3 K3 K3 K3 K3 K2 K3 K3 K3 K3 K2 K2 Residual limb length Short Short Mid Long Short Short Long Mid Long Short Mid Mid Mid Soft tissue coverage Poor Poor Good Poor Poor Good Good Good Poor Good Good Good Good Soft tissue consistency Med. Med. Med. Med. Loose Firm Med. Med. Med. Firm Firm Firm Med. Anomalies Nil Nil Nil Nil Nil Nil Nil Nil Bony Nil Nil Prominent distal tibia Nil Current socket PTB cuff PTS PTB cuff PTB cuff PTS PTS PTS PTB cuff PTB thigh corset PTB cuff PTS PTS PTB cuff Current liner Pelite Pelite Pelite Pelite Pelite Pelite Pelite Nil Nil Pelite Pelite Pelite Pelite PCAST sock fit 1x sock 2x socks 2x socks 1x sock 1x sock 2x socks 2x socks 1x sock 1x sock 1x sock 2x socks 2x socks 2x socks Adjustments Nil Nil Nil Nil Nil Nil Tibial ridge Nil Nil Fibula head Medial condyle Nil Nil Footwear Sneaker Dress shoe Dress shoe Dress shoe Sneaker Sneaker Sandal Sneaker Sneaker Dress shoe Sneaker Dress shoe Sneaker   
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Figure 4-1 CONSORT diagram for preliminary clinical assessments 
Participants, 3, 5, 10 and 11 (n = 4) rejected the PCAST socket during the usage period (Table 4-1). Participant 11 rejected the socket due to distal pain. Upon presentation after the usage period the distal packing was removed, seemingly alleviating the pain. Through observation and participant feedback, it became evident that the socket was too small in 
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the mediolateral dimension for the other three participants, forcing the residual limb to sit ‘out’ of the socket and causing the trimlines to painfully rub against the tibial condyles.  Of the three participants who required reliefs, two rejected the socket during the usage period. The socket reliefs provided were to the tibial ridge (Participant 7), the fibula head (Participant 10) and the medial condyle (Participant 11). Although Participant 7 successfully used the PCAST socket during the usage period, Participants 10 and 11 rejected the socket due to discomfort at the tibial condyles and distal end respectively. This suggests that while the reliefs were effective in mitigating the discomfort for which they were prescribed, altering the socket shape as such could be leading to other areas of discomfort. 
4.3.2 Outcome measures Outcome measures for the pre- and post-usage periods were compared for participants who successfully used the PCAST socket during the extended usage period (n = 8, age 46.6 ± 17.2 years) to observe any changes in participant functionality or satisfaction.  Significant differences (p < 0.05) were identified for the grouped outcome measures: F(5,3) = 17.4, p = 0.020 but not for the spatial variables F(6,2) = 0.511, p = 0.779, temporal variables F(7,1) = 6.157, p = 0.301, and Symmetry Indices F(4,4) = 0.133, p = 0.962. Post-hoc univariate tests were completed for the grouped outcome measures (Table 4-2).     
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Table 4-2 Results and differences in all outcome measures over the usage period (n = 8) 
 
PCAST (pre) PCAST (post) 
PCAST (post) – PCAST (pre) 
 Estimate 95% CI p d 
Outcome measures       6MWT (m) 272.3 ± 58.9 332.1 ± 61.2 59.8 35.9 to 83.7 0.001 1.00 TUG (s) 10.9 ± 2.3 9.3 ± 1.6 -1.6 -3.4 to -0.0 0.054 -0.81 SATPRO (%) 75.6 ± 11.9 81.1 ± 16.6 5.5 -5.3 to 16.1 0.270 0.38 Speed (cm/s) 88.5 ± 11.9 93 ± 17.8 4.5 -3.1 to 12.2 0.205 0.30 Cadence (steps/min) 94.3 ± 6.8 98.2 ± 10.8 3.9 -0.2 to 7.9 0.054 0.43 
Symmetry index       Step length (%) 0.5 ± 10.5 0.7 ± 12.4 0.2 * * 0.02 Step time (%) -1.7 ± 9.2 -1.5 ± 9.2 0.1 * * 0.02 Stance time (%) 9.1 ± 7.1 8.3 ± 7.0 -0.7 * * -0.11 Swing time (%) -14.5 ± -14.6 -13.7 ± 11.5 0.8 * * 0.06 
Intact limb       
Spatial gait variables       Step Length (cm) 56.3 ± 5.7 56.9 ± 7.9 0.6 * * 0.09 Stride Length (cm) 112.2 ± 8.3 113.3 ± 10.9 1.1 * * 0.11 Support Base (cm) 11.6 ± 2.7 11.0 ± 2.5 -0.6 * * -0.23 
Temporal gait variables       Step Time (ms) 633.6 ± 61 613.8 ± 81.1 -19.8 * * -0.28 Stride Time (ms) 1278.9 ± 85.5 1235.5 ± 123.2 -43.4 * * -0.41 Swing Time (%GC) 33.9 ± 2.7 34.6 ± 2.7 0.7 * * 0.26 Stance Time (%GC) 66.1 ± 2.7 65.4 ± 2.7 -0.7 * * -0.26 Single Support Time (%GC) 39.3 ± 3.6 39.7 ± 2.6 0.4 * * 0.13 Double Support Time (%GC) 26.7 ± 3.6 26.0 ± 3.3 -0.7 * * -0.20 
Prosthetic limb       
Spatial gait variables       Step Length (cm) 55.9 ± 4.8 56.2 ± 5.3 0.3 * * 0.06 Stride Length (cm) 112.5 ± 9.0 113.3 ± 11.3 0.8 * * 0.08 Support Base (cm) 11.5 ± 2.5 10.7 ± 2.5 -0.8 * * -0.32 
Temporal gait variables       Step Time (ms) 643.3 ± 45.1 620.6 ± 53.1 -22.7 * * -0.46 Stride Time (ms) 1274.4 ± 92.3 1233.9 ± 125.0 -40.5 * * -0.37 Swing Time (%GC) 39.4 ± 3.3 39.8 ± 2.7 0.4 * * 0.13 Stance Time (%GC) 60.6 ± 3.3 60.3 ± 2.7 -0.3 * * -0.10 Single Support Time (%GC) 34.1 ± 3.1 34.7 ± 2.7 0.6 * * 0.21 Double Support Time (%GC) 26.9 ± 3.8 26.2 ± 3.5 -0.7 * * -0.19 
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 6MWT and TUG The participants significantly improved in their 6MWT scores following the extended usage period with the PCAST limb, with large effects (Table 4-2); walking an average 59.8 ± 28.9 m further (p = 0.001, d = 1.00). The mean result for all participants post-usage was 332.0 ± 61.5 m. The participants recorded TUG scores 1.7 ± 2.0 s faster following the usage period, indicating improved mobility. This difference was not significant; however, large effects were observed (p = 0.054, d = -0.81).  
 Spatio-temporal measures of gait The velocity and cadence increased over the usage period (Table 4-2), however these differences were not significant and the effect was small (p = 0.205, d = 0.30 for velocity and p = 0.054, d = 0.43 for cadence). Following the usage period, the average velocity and cadence were 93.0 ± 17.8 cm/s and 98.2 ± 10.8 steps/minute respectively.  There were no significant differences in spatial gait characteristics over the usage period and the only small effect was a decrease in the support base for both limbs (d = -0.23 and d = -0.32 for the intact and prosthetic limbs respectively). No significant differences were found in the grouped temporal gait characteristics. Slightly larger, albeit small, effects were observed in temporal measures of step and stride time on both limbs. The SI was calculated for the step length, step time, stance time and swing time measures with no significant differences found following the usage period (Table 4-2). Swing time and stance time exhibited the greatest average asymmetry indicating more time spent with the intact limb in stance (positive SI value) and with the prosthetic limb in swing (negative SI value). High standard deviations reflect the lack of agreement amongst participants. The effects associated with changes in the SI were trivial (|d| ≤ 0.11). 
 Satisfaction The mean SATPRO score pre- and post-usage was 75.6 ± 11.9% and 81.1 ± 16.6% respectively (p = 0.270, d = 0.38). Inspecting the SATPRO individual question results provided information on the most and least satisfactory elements of the PCAST limb after the usage period (Figure 4-2). The greatest sources of dissatisfaction amongst the cohort were skin problems caused by the prosthesis (n = 4 negative responses) and the physical pain or discomfort (n = 3 negative responses). However, these results contrast with the question pertaining to the comfort of the prosthesis to which all participants totally (n = 4) or somewhat (n = 4) agreed that they find the prosthesis comfortable.  
 61  
 
Figure 4-2 Responses to the individual SATPRO items for the post-usage PCAST (n = 8), question mean score calculated out of a possible score of 3. 
Questions with the prose reversed (*) are presented separately; disagreement with such questions indicates satisfaction with the prosthesis, 
conversely, agreement with such questions indicates dissatisfaction with the prosthesis  
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The greatest sources of satisfaction were the participants’ ability to accomplish tasks, aesthetics, and ease of use of the limb. General satisfaction associated with the prosthesis was also high, with all participants either totally (n = 6) or somewhat (n = 2) agreeing with the statement that they are generally satisfied with the prosthesis.  
 Exploring PCAST use  The participant demographic data and initial assessment results for the PCAST socket were compared between the eight participants who successfully used the socket throughout the usage period and the four who returned to their original prosthesis failed to do so (Table 4-3). Statistical analysis of this data was not performed due to the small and unequal sample sizes.  
Table 4-3 PCAST use in relation to the participants’ residual limb condition and initial results  
  Ongoing PCAST use 
Participant Groups n Yes No All participants 12 8 4 Medicare functional level     K1 0 0 0  K2 3 3 0  K3 9 5 4  K4 0 0 0 Limb Length     Short 4 2 2  Mid 5 3 2  Long 3 3 0 Soft Tissue Coverage     Good 8 5 3  Average 0 0 0  Poor 4 3 1 Soft Tissue Consistency     Firm 4 2 2  Medium 7 6 1  Loose 1 0 1 Anomalies     None 10 6 4  Present 2 2 0 Adjustments     Nil 9 7 2  Present 3 1 2 
Mean ± SD    Age (years) 12 46.6 ± 17.2 51.5 ± 18.7 BMI 12 21.5 ± 2.8 19.0 ± 2.2 Years since amputation 12 27.4 ± 12.3 28.5 ± 18.5 Pre-usage results      TUG 12 10.9 ± 2.3 11.7 ± 3.3  6MWT 12 272.3 ± 58.9 283.5 ± 69.9  SATPRO 12 75.6 ± 11.9 73.1 ± 12.3  Variables identified for future exploration during a larger scale study include limb length; all participants with a long residual limb (n = 3) successfully used the PCAST socket over the usage period. Residual limb soft tissue consistency may also indicate the likelihood of PCAST socket 
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user-acceptance. Although only one participant with loose consistency was included in the study, one participant was also excluded on the basis of excessive loose tissue rendering a hard total surface bearing socket incompatible due to proximal soft tissue migration resulting in distal end bearing. Thus, neither of the two participants with loose soft tissue consistency were able to successfully use the PCAST socket. 
4.4 DISCUSSION The preliminary study results provided initial data to assess wearer outcomes with the PCAST socket following an extensive usage period (167 ± 1 days). Spatial and temporal gait measures and SI indicated no difference across the pre- and post-usage period data. Significant differences were observed for the 6MWT. Although few significant differences were observed, small to large effects were observed for a number of outcome measures. The small sample size of this preliminary study likely contributed to the lack of significant findings. Subsequent studies will include more participants and may result in more statistically significant observations following the usage period. The clinical significance of the results is discussed below.   Over the extensive usage period the participants were under no obligation to use the prosthesis and could return to their original prosthesis at any time. Eight of twelve participants voluntarily used the PCAST socket regularly throughout the extensive usage period and indicated that they intended to continue to do so. As such, comparisons between the post-usage and pre-usage PCAST are limited to participants who voluntarily completed the usage period. All participants retained their original prosthesis and could revert to it at any time. Thus, the post-usage PCAST outcome measures (i.e. 6MWT, TUG, SATPRO and spatiotemporal gait measures) may be indicating better outcomes for this sample than those of a population using the PCAST socket without an alternative. Each of the four participants who rejected the PCAST socket over the usage period (Figure 4-1) were engaged in discussion to determine the causes of dissatisfaction and resultant rejection of the socket. Based on their feedback, a small change to the casting procedure was suggested. It was recommended that in future, the participant is cast with a thick sock over their residual limb. That is, the wet plaster is wrapped over the worn sock. This solution was identified by a Category I prosthetist, who suggested that casting with the sock may stabilise the soft tissue and create a larger socket to prevent the proximal shifting of soft tissue during socket donning caused by socket tightness. This should alleviate tightness and pain identified the tibial condyles. Any unintended negative effects of a volumetrically larger socket, especially distally, should be monitored.  
 64  
Sufficient prosthesis acclimatisation period is required to ensure the assessed participants are representative of a long-term user population. Although there is no established or recommended minimum time to acclimate to a new prosthetic transtibial socket, acclimatisation periods adopted in previous studies have varied from 15 minutes [163] to 12 weeks [42]. It has been stated that in practice, clinicians would generally allow three weeks for a patient to acclimate to a new socket before assessment [205]. Participant assessments in the current study occurred after a short acclimatisation period of 15 minutes and following an extensive acclimatisation and usage period of over 5 months.  6MWT and TUG tests assessed physical functionality of participants when fit with a new prosthetic socket. The 6MWT results showed improved functional capacity following the extensive usage period. The 6MWT has a minimal detectable change of 45 m for people with lower-limb amputations [100]. Following the extensive usage period, the average increase in the 6MWT of the cohort was 59.8 ± 28.6 m, with five participants increasing by more than 45.0 m. This shows a clinically significant improvement in the mobility of most participants after the extended usage period.  The post-usage 6MWT results of the participants classified as K2 (n = 2) and K3 (n = 6) ambulators were 320.5 ± 57.8 m and 338.8 ± 69.0 m, respectively. These distances are further than those reported for a North American population with unilateral lower-limb amputations, with K2 ambulators recording 189.9 ± 111.3 m, (n = 43) and K3 ambulators recording 298.6 ± 102.4 m (n = 67) [104]. However, the US sample was slightly older (mean age 58 years) and included participants with transfemoral amputations, which likely contributed to lower 6MWT values. A similarly aged (60 ± 12 years) cohort of n = 35 K3 North Americans with lower-limb amputations (24 of whom had transtibial amputations) recorded 6MWT of 311 ± 19 m [105], similar to the score of the K3 ambulators in the current study. Conversely, a cohort of North Americans with transtibial amputations and similar ages to the current study (n = 13 participants, 46 ± 18 years) had much higher 6MWT values than the current group, 545 ± 65 m for the first of three trials [95], the mean activity level of this cohort however was assessed as ‘very high’ [95]. The post-usage values of the current cohort were more similar to North Americans with transtibial amputations (age: 66 ± 13 years) who scored 332 ± 115 m on the first of two trials [100]. It is likely ongoing rehabilitation services in North America are better resourced than those available to the current study cohort, which may have contributed to the lower 6MWT scores. Further, the walkway was only 12.5 m long, thus the mean score post-usage 332 ± 61 m would require 26 turns to complete. This likely resulted in a lower 6MWT than would result for a longer track length for which less turns were required [200].  
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The TUG is a mobility performance measure indicating proficiency in balance, transfers, walking and turning whilst walking [104, 106, 206]. A change of 3.6 s is required before a participant is deemed to have truly changed [100]. Over the extended usage period, the average TUG decrease was 1.7 ± 2.0 s, with only two participants decreasing greater than 3.6 s. As such, no clinically significant improvements in the TUG occurred over the extended usage period for the majority of participants. A TUG score of 19 s or more is associated with an increased risk of multiple falls in populations with transtibial amputations [116]. The TUG scores recorded in this study ranged from 7.3 to 15.5 s, indicating no increased risk of multiple falls within this cohort.   TUG scores of other cohorts with transtibial amputations vary widely. A similarly aged cohort of 10 males with transtibial amputations (age: 44.9 ± 9.5 years) recorded TUG scores of 7.37 ± 1.33 s and 7.94 ± 1.59 s when using two different suspension systems [109] slightly faster in the current study (9.2 ± 1.6 s). The K2 ad K3 ambulators in the current study recorded similar post-usage TUG scores of 9.3 ± 1.7 s and 9.2 ± 1.8 s, respectively. Comparatively, an older cohort (age: 60 ± 12 years) of n = 35 K3 North Americans with lower-limb amputations (24 with transtibial amputations) recorded TUG scores of 12.8 ± .54 s [105], greater than K3 ambulators in the current study. TUG scores have been reported for an older cohort of Australians with transtibial amputations who received interim prostheses from public health system as 17.8 ± 16.7 s (n = 34, age: 63.4 ± 18.3 years) and private health system as 18.1 ± 19 s (n = 26, age: 63.2 ± 13.9 years) [110]. Furthermore, 27 people with transtibial amputations (mean age 73.5 years) recorded a mean TUG score of 23.8 ± 23.0 s [108]. As such, the post-usage TUG scores seen in the current study, 9.2 ± 1.6 s, is at the lower end of the range of scores previously reported from populations with transtibial amputations, but slightly higher than a similarly-aged cohort.   Asymmetrical gait in people with lower-limb amputations can lead to pain, joint degeneration, and osteoarthritis at the hip and knee of the intact side due to repeated increased loading on this side [128-130, 159]. Conversely, less load on the bones on the prosthetic side can lead to reduced bone mineral density (osteopenia) and subsequent osteoporosis in the residual limb [128-130]. Furthermore, asymmetrical gait can increase the energy costs of ambulation [142] and may indicate the prosthetic limb goodness-of-fit [163]. There were no significant differences in SI following the extended usage period. The greatest post-usage period SI was for swing time (-13.7 ± 11.5%), indicating more time spent with the prosthetic limb in swing phase. Correspondingly, the stance time SI (8.3 ± 7.0 %) indicated more time spent with the intact limb in stance. These values are slightly greater than those observed in a sample of six younger participants (age: 35 ± 12 years) with transtibial amputations using their regular prosthesis, where SI swing and stance times of approximately 8% and 2% respectively, were observed [153]. These data however were collected over an 8-minute period of treadmill walking, compared to 
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the use of the 5.07 m long GAITRite® walkway in the current study. The longer data collection period may have improved the likelihood of steady gait and hence resulted in better gait symmetry.  Both pre- and post-usage period SATPRO data compared favourably with scores reported by Gordon et al. for patients treated by the public (60.8 ± 8.1%) and private (61.8 ± 9.1%) health systems in Australia [110]. However, the subjective SATPRO responses in this study may have been influenced by the previous experiences or learned expectations of the participants who were potentially accustomed to lower quality prosthetics. The omission of questions from the initial SATPRO analysis may have affected its validity. However, given that scores are calculated as a percentage of possible maximum points, we believe the omission or inclusion of these questions did not render the scores incomparable, but rather allowed for a more relevant representation of the participants’ satisfaction. Furthermore, the developers of the SATPRO recommend a minimum of eleven questions are rated to ensure the survey validity [173]. Fourteen questions were included in the analysis of the pre-usage period data, thus adhering to the survey developers’ recommendation.  From examination of the question-by-question SATPRO responses, the greatest sources of dissatisfaction amongst the cohort were identified as skin problems and physical pain or discomfort caused by the prosthesis, identified by four and three of eight participants respectively. These results are in accordance with a study of US Servicemembers with transtibial limb loss due to recent conflicts from 2001-2008 [207]. Skin problems were the most commonly-identified problem by respondents; 72% of servicemembers with unilateral transtibial amputations reported that they were bothered by skin problems.  The SATPRO results give an indication to the participants’ satisfaction of the integrated prosthesis rather than the socket alone. The inclusion of an assessment directly concerned with the comfort afforded by the socket, such as the Socket Comfort Score (SCS) [181], would be beneficial for future testing. The ten-point SCS is useful to assess the comfort of the socket with greater resolution than the four-point scale of the SATPRO. However, like the SATPRO, no data exists regarding the meaningful, or minimally clinically important difference of the measure. The dearth of appropriate population comparison data in the literature for the 6MWT, TUG, spatio-temporal gait, or SATPRO data shows that data should be collected on the participants’ original limbs for future studies. Although the type, age, or quality of the participants’ original limbs cannot be controlled, such data would allow for paired comparisons of participant functionality and satisfaction data for the PCAST limb and that which would otherwise be worn by the local population.  
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An ecologically valid assessment of the PCAST socket in an under-resourced environment was desired, thus all data collection occurred at the VIETCOT clinic in Hanoi, Vietnam. All casting was performed by a single individual; a local ISPO Category II orthopaedic technologist, trained on-site at VIETCOT. PCAST tank manufacture was arranged by VIETCOT staff using local technicians and locally available materials. All test prostheses were manufactured using tools, materials, and components from the VIETCOT workshops. The participants used the PCAST prosthesis outside of VIETCOT and in their homes and communities for extended usage periods, allowing the ecological valid evaluation of the sockets over time. All participants were recruited from the VIETCOT patient database via convenience sampling. Although random sampling could have improved population validity, given the short and fixed-durations of data collection, the use of convenience sampling was required to ensure the participants were able and willing to attend the VIETCOT clinic over one or two days in the specified window. Nonetheless, the participants were likely more representative of populations in under-resourced environments than participants of previous pressure-cast socket studies.  Pressure-casting methods have been advocated to reduce skill dependency in socket casting. This study is the first in which pressure-cast sockets were cast by Category II orthopaedic technologist rather than a Category I prosthetist. A potential disadvantage associated with reduced skill dependency is the risk that a prosthetist will have difficultly learning or maintaining the skills developed with hand-casting experience. It is anticipated that a significant portion of the patient load could potentially be addressed by Category II technicians using the PCAST technique; allowing the Category I prosthetist more time to address the patients for whom the hydrocast socket would not be appropriate. Thus, prosthetists would still be required to learn and maintain the skills associated with patient assessments, hand-casting and prosthetic alignment. 
4.5 CHAPTER CONCLUSION The outcomes of this preliminary study showed that the PCAST sockets were successfully fitted for and used by eight of the thirteen participants with transtibial amputations over an extensive usage period (167 ± 1 days). This demonstrated that the PCAST technique has potential for defining a socket shape that can be successfully fabricated and fit in conjunction with low-cost ICRC prosthetic components in an under-resourced environment. The successful construction and use of the PCAST limbs were determined by measures of satisfaction, physical function, gait, and use period. In summary, high satisfaction scores were found after the initial fit and extended usage period. The 6MWT showed significant improvement over the usage period. This study was the first to evaluate the functionality and spatio-temporal gait measures associated with use of a hydrocast socket without a silicone liner. Additionally, this is the first 
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study to investigate the utility of a pressure-cast socket in an under-resourced environment. Knowledge acquired from this study was used to develop and enhance the subsequent studies in this thesis. Specifically, for future work, participants should be cast with a thick sock over their residual limb, a measure specifically concerning the comfort of the socket should be included, and the participants’ original prosthetic limbs should also be assessed for functionality and comfort.    
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5 FUNCTIONAL, SPATIO-TEMPORAL AND SATISFACTION 
OUTCOMES WITH THE PCAST SOCKET 
5.1 CHAPTER INTRODUCTION Chapter 5 built on the preliminary study (Chapter 4) and assessed the PCAST socket over a long usage period for n = 21 participants, comparing the outcomes to baseline measures with the participants’ original prosthetic limbs and including methodological recommendations identified in Chapter 4. Section 5.2 comprises the final accepted and published manuscript of a full-length article in Gait and Posture, reference below.    
S. Laing, P. V. S. Lee, J. Lavranos, and N. Lythgo, “The functional, spatio-temporal and satisfaction outcomes of transtibial amputees with a hydrocast socket following an extended usage period in an under-resourced environment,” Gait & Posture vol. 66, pp. 88-93, 2018. Due to word and table limits associated with publication, some data were not included in the manuscript, namely that associated with measures of the Symmetry Index (SI) and the Socket Comfort Score (SCS). This data is indicated in footnotes in Sections 5.2.4.2 and 5.2.4.3 and shown in Appendix B – Chapter 5 SI and SCS data. The casting revision identified and recommended in Chapter 4 was implemented in Chapter 5. Section 5.3 discusses the influence of casting with a thick sock on participants’ satisfaction by comparing the socket acceptance and SATPRO results of Chapters 4 and 5. 
5.2 MANUSCRIPT: THE FUNCTIONAL, SPATIO-TEMPORAL AND SATISFACTION 
OUTCOMES OF TRANSTIBIAL AMPUTEES WITH A HYDROCAST SOCKET FOLLOWING 
AN EXTENDED USAGE PERIOD IN AN UNDER-RESOURCED ENVIRONMENT 
5.2.1 Abstract 
Background: Transtibial hydrocast sockets have been shown to be a potential alternative to hand-cast patella-tendon bearing sockets, the use of which would have particular benefits in under-resourced environments. However, data concerning wearer outcomes of hard hydrocast sockets (i.e. those without silicone liners), especially over long-term usage periods, is scarce in the literature.  
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Research questions: Are there any changes in wearer functional, spatio-temporal or satisfaction outcomes over a long usage period with a hydrocast socket? And how do the post-usage period outcomes compare with those from the wearers’ original prosthesis?  
Methods: In this pre-post interventional study, the clinical outcomes of twenty-one experienced transtibial prosthesis users were evaluated using widely-accepted and employed methods to assess wearer functional capacity, mobility, gait and satisfaction. The participants were fit with a hard hydrocast socket and the outcomes after an extensive usage period of 5 months were compared to the pre-usage period data following initial fitting and the data collected from the participants’ original prosthetic limb.  Results: Significant differences were found in the temporal parameters of gait, all indicating decreased reliance on the intact limb and an increased loading of the prosthetic limb with the post-usage period hydrocast socket compared to both the pre-usage period socket and the participants’ original limbs. No differences in the functional capacity, mobility, spatial gait parameters or satisfaction were found between the socket conditions.  
Significance: This is the largest study to date of functional, spatio-temporal and satisfaction outcomes of hydrocast sockets following an extended usage period in an under-resourced environment.  
5.2.2 Introduction  Conventional patella tendon bearing (PTB) transtibial prosthetic sockets are widely-used throughout the developing world, however their manufacture is highly dependent on the skill and experience of the prosthetist. It is advocated that hydrocasting techniques may lead to improved socket shape consistency compared to the hand-cast PTB techniques [49, 88]. Improved fit consistency may increase quality control, reduce production time and lower production costs [42]. Although interface pressures of hydrocast sockets have been investigated in a number of studies [70-72, 74, 208], there is currently a paucity of clinical outcome data to support the use of hydrocast sockets. The spatio-temporal gait characteristics with hydrocast sockets has been examined however these studies included the use of silicone liners [56, 57]. Shown to have the ability to improve walking function and aid prosthetic suspension [80], silicone liners are prohibitively expensive in developing countries. Thus, it is of interest to explore the clinical outcomes of hard hydrocast sockets, worn without silicone liners.  The comfort of hydrocast sockets with Pelite liners was compared to that of PTB sockets over a 1-month period [42]. Hydrocast socket comfort levels were found to decrease from initial fitting 
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and were lower than those of the PTB sockets [42]. The initial functional, spatio-temporal and comfort outcomes of a hydrocast socket with Pelite liner were compared with those of a PTB socket, with no significant differences found [209]. This study was limited to initial outcome measures following 15-minutes acclimatisation. The longer-term usage of hydrocast sockets has also been examined [210]. Eight of twelve participants completed a 167 ± 1 day usage period and showed increases in Six-Minute Walk Test (6MWT) scores. No other significant differences in outcomes were found [210]. This preliminary study had a small sample and did not include data from the participants’ original limbs with which to compare the participants’ outcomes.  Previous studies have shown the potential for success of hydrocasting methods in under-resourced environments [42, 209, 210]. However, investigations of user outcomes over longer usage periods are inconsistent; demonstrating reduced comfort [42], but increased functional capacity [210]. Thus, further work is required to investigate wearer outcomes over longer periods of use with hydrocast sockets. The aim of this study was to investigate the use of a prosthesis comprising a hard hydrocast socket and low-cost components in an under-resourced environment over an extended usage period; determining if there are any changes in wearers’ functional, spatio-temporal gait or satisfaction outcomes with a hydrocast socket after a long usage period and compared to those with the prosthesis regularly used by the participants. Clinical outcomes were evaluated using widely-accepted and employed methods to assess functional capacity, mobility, spatio-temporal gait characteristics and satisfaction.  
5.2.3 Methods 
 Participants This pre-post interventional study was conducted at the Vietnamese Training Centre for Orthopaedic Technologists (VIETCOT) in Hanoi, Vietnam (Australian and New Zealand Clinical Trials Registry ID: ACTRN12617001338358). Participants with unilateral transtibial amputations were recruited via convenience sampling through the VIETCOT patient database. Ethics approval was obtained from the University of Melbourne (Australia) and the University of Labour and Social Affairs (Vietnam). Written informed consent was obtained from all participants. The nature of the intervention precluded either assessor or participant blinding.  
Eligibility for the study dictated that participants were 18 years or older, active wearers and long-term prosthetic users and did not have significant comorbidities or require additional walking aids. Participants were excluded from the study if they did not complete the usage period with the hydrocast socket. Throughout the usage period, the participants were under no obligation to use the prosthesis and could replace it with their original prosthesis at any time. Only participants who indicated regular use of the hydrocast socket over the period were included in the study. 
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Thirty-two participants received the pressure-cast (PCAST) hydrocast socket; twenty-seven returned after a usage period of 147 ± 1 day (mean ± SD) (Figure 5-1). Twenty-one returning participants indicated regular use of the hydrocast socket over the usage period and were sufficiently satisfied to continue to do so.  
 
Figure 5-1 CONSORT (Consolidated Standards of Reporting Trials) diagram showing participant 
recruitment, loss to follow-up, and follow-up 
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The participants were experienced prosthetic users (26.8 ± 13.5 years since amputation) and trauma was the most common cause of amputation (Table 5-1). Twenty participants had an original socket of PTB design with leather cuff suspension (n = 11), supracondylar suspension (n = 8) or thigh corset (n = 1). One participant had a plug-fit socket. 
Table 5-1 Details and demographics of study participants (n = 21) 
Participant descriptors  Frequency Gender  Male 19  Female 2 Cause of amputation Trauma 19  Vascular 2 Limb length Short (~⅓) 12  Mid (~½) 6  Long (~⅔) 3 Soft tissue coverage Good 13  Average 2  Poor 6 Soft tissue consistency Firm 5  Medium 11  Loose 5 Medicare functional level K1 1  K2 14  K3 4  K4 2 
Mean ± SD   Age (years)  54.9 ± 12.8 BMI   21.4 ± 3.4 Time since amputation (years) 26.8 ± 13.5  
 PCAST hydrocast socket 
VIETCOT staff with International Society for Prosthetics and Orthotics (ISPO) Category II qualifications cast, fabricated and fitted the PCAST hydrocast sockets (Figure 5-2). The previously described PCAST method [210] is similar to hydrocasting methods described elsewhere [42, 70, 72, 74]. Briefly, the participants’ residual limb, wearing a cotton sock, was wrapped in plaster wrap and placed into the PCAST tank filled with water, separated from the limb by a polyethelene diaphragm. The water pressure was increased until the participants could stand with 50% of their weight supported by the pressurised water. Once the plaster wrap hardened, the tank was 
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depressurised, and the plaster removed. No rectifications to the positive cast were performed with the exception of the smoothing of obvious rough edges. The PCAST technique requires little skill as minimal rectification to the positive cast is needed. However, simple expansion modifications using a heat gun were completed if deemed required by the participants and attending technician. The entire prosthetic was assembled from the PCAST socket and International Committee of the Red Cross (ICRC) polypropylene transtibial prosthetic components [47], with leather cuff suspension strap used for all participants. Bench and dynamic alignment procedures were performed by the attending Category II technologists and local staff aided in the limb production according to ICRC manufacturing guidelines [47]. No liner was used with the PCAST socket, the only soft interface between the residual limb and socket were standard cotton socks; participants most commonly used two socks. 
 
Figure 5-2 The pressure-casting (PCAST) process to cast transtibial sockets 
a) plaster wrap cast, b) participant placed residual limb into PCAST tank, limb was placed 
into a plastic diaphragm and pressurised with water, c) participant stood normally with 
equal iliac crest height, d) intact and residual limbs supported half-body weight each. Intact 
limb support measured by weight scales, e) PCAST tank depressurised and participant 
residual limb removed, f) hardened plaster cast removed and used to produce hard socket 
without any shape rectification. 
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 Participant assessments An assessment of the participants’ residual limb condition and activity level was carried out by a Category I prosthetist with 13 years’ experience, using standard clinical techniques (Table 5-1). The participants completed the following tasks whilst wearing their original prosthesis: Timed Up and Go (TUG), Six-Minute Walk Test (6MWT), spatio-temporal gait analysis and satisfaction with prosthesis (SATPRO) questionnaire. Participants were then fitted with the aligned prosthetic comprising the PCAST socket and ICRC components. Following 15-minutes acclimatisation, the same tasks (listed above) were completed. These tasks were completed again after the extended usage period of approximately five months. The tasks were completed in the same order for each condition. Each participant wore their own shoes, with the same footwear worn on each test occasion.  
 Physical function tests The TUG and 6MWT were used to assess functional mobility and capacity respectively [95, 108]. Both tests have been shown to be reliable and valid metrics to quantify the physical function of people with lower-limb amputations [94, 95, 108]. The instructions for the TUG were ‘complete the task as quickly as possible’. An initial practice was followed by three trials, with a rest between trials. The average time was used in the analysis. The instructions for the 6MWT were ‘walk at normal or comfortable speed’. A familiarization ‘lap’ was completed and then test performed.  
 Spatio-temporal gait analysis A GAITRite instrumented walkway (457 cm long, 80 Hz; CIR Systems Inc., New Jersey) recorded spatio-temporal gait parameters. The walkway was on a flat surface with approach and departure distances of approximately 2 m. The instructions were ‘walk at normal or comfortable speed’. Participants completed two practice walks followed by six walks, the average data of which was used in the analysis.  
 Satisfaction with Prosthesis questionnaire  The SATPRO has high internal consistency and test-retest reliability [172, 173]. The SATPRO comprises 19 questions, some of which address the comfort of the prosthesis and hence, the socket. Five questions assume long-term socket use; given the short pre-usage familiarisation, these were omitted from the pre-usage analysis but included in the original limb and post-usage analysis. A minimum of 11 items rated are recommended for the SATPRO results to be valid [173], thus the survey remained sufficiently valid during the pre-usage assessment with five questions omitted. Each question was scored out of three; three indicates total agreement with a positive statement or total disagreement with a negative statement and a score of 0 represents the vice versa. The score is calculated as: 
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𝑆𝑆𝐴𝐴𝑆𝑆𝑃𝑃𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑜𝑜𝑆𝑆𝑆𝑆 (%) =  𝑆𝑆𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐷𝐷𝑔𝑔𝑔𝑔𝑆𝑆𝐼𝐼 𝑆𝑆𝑆𝑆𝐴𝐴𝑟𝑟𝑜𝑜𝐼𝐼𝐴𝐴𝑆𝑆𝐴𝐴3 × 𝐼𝐼𝑆𝑆𝑆𝑆𝑛𝑛𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝐴𝐴𝑟𝑟𝑜𝑜𝐼𝐼𝐴𝐴𝑆𝑆𝐴𝐴 𝐷𝐷𝑔𝑔𝑔𝑔𝑆𝑆𝐼𝐼 × 100 
 Data analysis Data normality were assessed by skewness and kurtosis. Repeated measures multivariate analyses of variance (RM MANOVA) with contrast testing (two-tailed) were used to compare original and PCAST (pre) data, collected after 15-minutes familiarisation, and PCAST (post) data, collected following a 5-month usage period. Three RM MANOVAs were conducted on the 1) physical function and SATPRO data, 2) spatial gait data and 3) temporal gait data. Statistical 
calculations were performed with SPSS (version 17) with α = 0.05. Effect sizes were calculated using Cohen’s d for all comparisons with p < 0.05. 
5.2.4 Results 
 Socket use Seventeen participants quantified their daily usage of the PCAST socket. Eleven participants reported average daily hours of use (8.6 ± 2.9 h/day) and six reported using the socket ‘all day’ or for more than 12 h/day. Four participants did not quantify usage but indicated continuous daily use. One participant indicated the PCAST limb was used 80% of the time in conjunction with their original limb.  
 PCAST pre-post usage period tests All datasets exhibited normality. No significant differences were found between the PCAST limb pre- and post-usage assessments for the 6MWT, TUG, SATPRO, speed, cadence or any spatial gait measures (Table 5-2) 2. Significant differences (p < 0.05) were found for some temporal gait measures, indicating a reduced proportion of the gait cycle spent in both double-support (p = 0.003, d = -0.45 and p = 0.003, d = -0.44 for intact and prosthetic limbs respectively) and stance (p = 0.02, d = -0.28 and p = 0.02, d = -0.26 for intact and prosthetic limbs respectively) and increased proportion spent in swing (p = 0.02, d = 0.28 and p = 0.03, d = 0.26 for intact and prosthetic limbs respectively). Further, the single-support time on the prosthetic limb increased (p = 0.01, d = 0.32).    
                                                             2 Due to word and table limits associated with publication, some data were not included in the manuscript, namely that associated with measures of the symmetry index (SI) and the socket comfort score (SCS). There were no significant differences and only small effect sizes between the SI and SCS measures of the PCAST limb pre- and post-usage assessments. This data is shown in Appendix B. 
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Table 5-2 Descriptive statistics (Mean ± SD) for physical function and basic gait parameters for the 
participants original socket and the PCAST pre and post the usage period (n = 21)  Original PCAST (pre) PCAST (post)  Speed (cm/s) 94.9±22.8 92.7±19.5 95.4 ±17.8 
 Cadence (steps/min) 96.0±11.3 95.0±10.4 97.5±10.5 6MWT (m) 328.0±76.0 319.9±71.3 330.9±64.5 TUG (s) 10.1±2.8 9.9±2.7 10.0±2.3 SATPRO (%) 83.9±11.5 88.1±12.0 82.9±11.8  Intact Limb Prosthetic Limb  Original PCAST (pre) PCAST (post) Original PCAST (pre) PCAST (post) Step Length (cm) 57.4±9.4 57.2±7.4 57.9±6.1 61.1±10.9 60.5±8.2 60.5±7.0 Stride Length (cm) 118.5±19.8 118.2±15.3 118.8±12.8 118.7±19.8 117.8±14.8 118.7±12.6 Support Base (cm) 10.9±2.5 11.4±2.8 10.8±3.1 10.8±2.6 11.3±2.9 10.8±3.0 Step Time (ms) 622±91 632±78 616±74 645±92 647±94 633±80 Stride Time (ms) 1269±176 128±162 1251±140 1267±174 1278±160 1247±142 Swing Time (%GC) 35.3±2.6* 35.5±2.6Ψ 36.2±2.3*Ψ 40.6±2.9 39.9±2.7Ψ 40.6±2.6Ψ Stance Time (%GC) 64.7±2.6* 64.5±2.6Ψ 63.8±2.3*Ψ 59.4±2.9 60.1±2.7 59.4±2.6 Single Support Time (%GC) 40.6±2.8 39.9±2.7 40.5±2.6 35.4±2.6* 35.5±2.5Ψ 36.3±2.4*Ψ Double Support Time (%GC) 24.1±3.7 25.1±3.0Ψ 23.8±2.8Ψ 24.7±3.9 25.0±3.0Ψ 23.7±2.7Ψ %GC: Gait cycle; Ψ p < 0.05 for PCAST (pre) and PCAST (post) comparisons; * p < 0.05 for Original and PCAST (post) comparisons; No statistically significant differences between Original and PCAST (pre) data observed.  
 Post-usage PCAST and original prosthesis  No significant differences were found between the participant assessments with original limbs and the post-usage hydrocast limb for the 6MWT, TUG, SATPRO, speed, cadence or any of the spatial measures of gait (Table 5-2)3. With the post-usage PCAST the participants spent a greater proportion of the gait cycle with their intact limb in swing (p = 0.03, d = 0.36) and a reduced proportion with it in stance (p = 0.03, d = -0.36). Further, the single support time on the prosthetic limb had increased (p = 0.03, d = 0.38).  There was no difference in the SATPRO score (n = 21) between the limbs and the same survey questions showed highest scores for both limbs (Figure 5-3). The participants also had similar sources of dissatisfaction for both limbs, however more participants indicated that their original prosthesis caused skin problems and the belief that the participants could hurt themselves on the prosthesis was greater for the PCAST limb than the original limb.  
                                                             3There were no significant differences and only small effect sizes between the SI and SCS measures with the participant original limbs and the PCAST post-usage assessments. This data is shown in Appendix B 
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Figure 5-3 Cohort responses to the individual SATPRO items with the question mean score calculated out of a possible score of 3 
Questions with the prose reversed (*) are presented separately; disagreement with such questions indicates satisfaction with the prosthesis and 
vice versa 
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5.2.5 Discussion This study aimed to provide objective data on the functional, spatio-temporal and satisfaction outcomes of wearers of a hard hydrocast socket over an extended usage period, addressing a shortage of data in the literature. Specifically, this study focussed on wearer outcomes in an under-resourced environment, using local technicians, low-cost ICRC materials and manufacturing techniques, local participants and original prosthesis data for comparison with the prosthetic which participants would otherwise be using.  The only significant differences observed over the usage period were in temporal gait parameters. The swing time increased for both intact and prosthetic limbs, the stance time decreased for the intact limb and the single-support time increased for the prosthetic limb. These differences demonstrate a greater willingness of the participants to load the prosthetic limb during gait and rely less on the intact limb. Such changes also suggest reduced gait asymmetry on the PCAST limb; asymmetrical gait can increase the energy costs of ambulation [142] and may indicate the goodness-of-fit of the prosthetic limb [163].  There were similar significant changes in the participants’ temporal gait parameters between the post-usage PCAST and the participants’ original limbs. The intact limb spent more time in swing and stance and the single support time on the prosthetic limb increased. There were no other significant differences observed between the post-usage PCAST and the participants’ original limb data. The SATPRO data for all conditions (original and pre- and post-usage PCAST) compared favourably with scores for Australian patients treated by the public (60.8 ± 8.1%) and private (61.8 ± 9.1%) health systems [110]. The SATPRO’s Likert-type scale provides more information on the participants’ opinions for each survey item [173]. The source of most dissatisfaction with the PCAST socket was the belief that the participants would hurt themselves on the prosthesis, the effect of weather on the prosthesis and the physical pain or discomfort caused by the prosthesis. The concerns regarding weather dependency and pain or discomfort were common to both the post-usage PCAST and original limbs. However, the belief that the participants could hurt themselves on the prosthesis was greater for the PCAST socket than the participants’ original limbs and was the source of greatest concern, possibly indicating a lack of confidence in the stability provided by the PCAST prosthesis. The nine participants who indicated such a belief were potentially accustomed to the rotational stability provided by the anterior wedge shape of their original PTB socket. Any feelings of instability associated with hydrocast sockets warrant further exploration.  
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Twenty-one participants completed a usage period of 147 ± 1 days with the hydrocast socket and indicated regular use over the period. Analyses of the participants who did not complete the usage period were not performed due to the small and unequal participant samples. A PCAST socket pilot study had a success rate of 62%, i.e. eight of thirteen participants. Larger participant numbers are required to investigate factors which may indicate successful use of hydrocast sockets. Four participants cited pain at the fibular head as the reason for not completing the usage period; the fibular head has been identified as an area of high pressure in hydrocast sockets [70, 208]. A liner may help distribute high pressures and reduce pain experienced at bony prominences. No liner was used in the current study to simplify the manufacturing process, however a Pelite liner, as commonly used with ICRC prostheses, will likely be a beneficial addition to the PCAST socket.   Previously, load-bearing hydrocasting has been performed with the patient standing with either 50% of their body weight supported by the pressurised liquid, as in this study, [42, 210] or during ‘full weight bearing’ [70, 72, 211]. Intuitively, these conditions reflect limb-loading during double-support and single-support stance respectively. There is no data to suggest the two methods result in varied socket geometry, fit or wearer outcomes. A future study should investigate the influence of limb-loading conditions during hydrocasting. This study represents the largest cohort to undergo socket casting with the PCAST technique, the sample is nevertheless small. The type, age, or quality of the participants’ original limbs could not be controlled; however, the inclusion of this data allows for the paired comparison of PCAST-ICRC limb outcomes with that which is worn by the local population. How often the participants used the prosthesis over the usage period could not be controlled, however regular use was indicated. Nonetheless, the self-reported nature of regular daily usage precludes meaningful comparisons with existing data. Finally, cultural idiosyncrasies in prosthetic use and perceived satisfaction may have influenced this study. The investigation of such factors was beyond the scope of this study.  Comparisons between the post-usage and pre-usage PCAST and original limb are limited to participants who voluntarily completed the usage period. Thus, the post-usage PCAST outcomes may not represent a population using a hydrocast socket, regardless of acceptability, due to the lack of an alternative. However, this study shows the PCAST technique is able to provide an acceptable socket for participants, the clinical outcomes of whom did not diminish over a long usage period or compared to their original prosthesis. The clinical implications of these findings in under-resourced environments is that a significant portion of the patient load could potentially be addressed by Category II technicians using the PCAST technique, allowing the Category I 
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prosthetist more time to address the patients for whom the hydrocast socket would not be appropriate. 
5.2.6 Conclusion This study shows the PCAST technique can be used in conjunction with low-cost prosthetic components in an under-resourced environment, with clinical outcomes similar to the participants’ original limbs and high levels of subjective satisfaction following an extended usage period. Following the usage period, temporal gait parameters indicated greater willingness to load the prosthetic limb compared to at initial fitting and compared to the participants’ original limbs. This is the largest study of functional, spatio-temporal and satisfaction outcomes of hydrocast sockets following an extended usage period in an under-resourced environment to date. 
5.3 INFLUENCE OF CASTING REVISION The participants’ oral feedback in Chapter 4 indicated that the PCAST socket may be too small in the mediolateral dimension, prompting a revision to the casting protocol to incorporate a thick cotton sock during casting in the subsequent study (Chapter 5). It was thought that casting with a thick sock over the limb would create a larger socket to prevent the proximal shifting of soft tissue as the socket was donned and better accommodate volume fluctuations.  This intervention appears to have addressed the issue of tightness around the condyles; no participants of the study in Chapter 5 identified this as an issue or complaint. However, four of the six participants who rejected the socket cited pain at the fibula head as the reason for rejection. Pain at the fibula head was not identified by the participants in Chapter 4. Potential reasoning for this observation could be that the proximally displaced soft tissue of the Chapter 4 participants provided additional cushioning around the fibular head, but not those of Chapter 5. Alternatively, the volumetrically larger socket of Chapter 5 meant that if the limb volume reduced during normal fluctuations, the limb would drop into the socket further. Thus, the fibula head would be adjacent to the socket wall that was cast intimate to the fibula shaft, i.e. a section with a smaller diameter and without allowance for the bony fibular head. This could cause uncomfortable high pressures in this region.  No statistical comparisons were conducted between the two studies due to the different participants and varied sample sizes. However, examination of the SATPRO data provided indication as to the relative level of comfort and satisfaction between the Chapter 4 and Chapter 5 participants. The pre-usage SATPRO for the Chapter 5 participants (88.1 ± 12.0%) was higher than that for Chapter 4 (75.6 ± 12.0%); however, the post-usage scores were very similar 
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(82.9 ± 11.8% and 81.1 ± 16.7% for Chapter 4 and 5 participants respectively). The higher pre-usage SATPRO score in Chapter 5 may have been due to the alleviation of the proximal tightness issue. The reduction in satisfaction over time may have been due to normal volume fluctuations of the residual limbs. Given the Chapter 5 socket was larger, limb volume reductions would not be accommodated as well.  Individual survey questions were compared between the post-usage results of the cohorts (Figure 5-4). The largest differences between the studies was that more Chapter 4 participants indicated that the prosthesis caused skin problems and, to a lesser extent, more discomfort. Conversely, more Chapter 5 participants believed that they would hurt themselves on their prosthesis. This could be due to the volumetrically larger socket of Chapter 5, which alleviated painful tightness and rubbing at the condyles, but resulted in a less intimate fit. Thus, limb stability inside the socket may have been reduced, leading to feelings of instability. There is no SCS data from Chapter 4 to compare the studies.  The inclusion of the sock during casting appeared to alleviate the issue of tightness around the tibial condyles. Thus, it is suggested that the use of a thick cotton sock during casting was a beneficial methodological development. The potential for high pressures and pain around the fibular head should be considered and monitored, especially for participants at particular risk of skin breakdown.  
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Figure 5-4 Responses to the individual SATPRO items from participants of Chapter 4 (n = 8) and Chapter 5 (n = 21) for the PCAST post-usage period  
Question mean score calculated out of a possible maximum score of 3.00 and difference in means calculated. Questions sorted by prose and 
Chapter 5 mean score with general satisfaction shown last. Questions with the prose reversed (*) are presented separately; disagreement indicates 
satisfaction with the prosthesis and vice versa.  
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5.4 CHAPTER CONCLUSION Chapter 5 built on the preliminary study of Chapter 4 and comprised the largest study of functional, spatio-temporal and satisfaction outcomes of hydrocast sockets in an under-resourced environment to date. The wearer outcomes with the socket were assessed over an extended usage period and compared with those of the participants’ original prosthesis. Although the age, quality and type of the participants’ original prosthesis could not be controlled, these data provided an appropriate baseline to compare the PCAST with what the participants would otherwise be wearing. Temporal gait parameters indicated greater willingness to load the prosthetic limb compared to at initial fitting and compared to the participants’ original prosthetic limbs. There was a reduced perception of skin problems and an increased acceptance to wear the PCAST socket all day long, however there were more feelings of instability with the PCAST socket. The small but not significant temporal effects observed in Chapter 4 over the usage period were assessed as significant in Chapter 5, potentially due to the increased statistical power due to the larger number of participants. There was a small methodological change between Chapters 4 and 5 whereby the sockets were cast over a thick cotton sock in Chapter 5. Participant feedback and SATPRO data suggests that this was a beneficial methodological development and was successful in alleviating the issue for which it was indicated. Chapters 4 and 5 showed that the PCAST technique can be used in conjunction with low-cost prosthetic components in an under-resourced environment, with clinical outcomes similar to the participants’ original prosthetic limbs and high levels of subjective satisfaction following an extended usage period.    
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6 INITIAL OUTCOMES IN PRESSURE-CAST HYDROSTATIC AND 
PATELLA TENDON BEARING SOCKETS 
6.1 CHAPTER INTRODUCTION Chapter 6 comprises a publication of a study that compared the initial wearer outcomes of n = 17 participants fit with the PCAST socket to those with a traditional PTB socket cast by an internationally-trained and experienced Category I prosthetist. Thus, the PCAST socket was compared to what is likely the ‘best-case’ PTB socket in an under-resourced environment. This study includes the use of a Pelite liner with the PCAST socket. When constructing a socket for use with a liner, the volume of the laminated socket was uniformly increased to account for liner thickness over the residual limb. This volume expansion was thought to have a similar effect on the resultant socket volume as casting with a sock over the residual limb. Thus, no sock was used during casting for Chapter 6.   Section 6.2 comprises the final accepted and published manuscript of a full-length article in Gait and Posture, reference below. 
S. Laing, N. Lythgo, J. Lavranos, and P. V. S. Lee, "Transtibial prosthetic socket shape in a developing country: A study to compare initial outcomes in pressure-cast hydrostatic and patella tendon bearing designs," Gait & Posture, vol. 58, pp. 363-368, 2017. 
6.2 MANUSCRIPT: TRANSTIBIAL PROSTHETIC SOCKET SHAPE IN A DEVELOPING 
COUNTRY: A STUDY TO COMPARE INITIAL OUTCOMES IN PRESSURE-CAST 
HYDROSTATIC AND PATELLA TENDON BEARING DESIGNS 
6.2.1 Abstract  This study compared the physical function and comfort level of patients with unilateral transtibial amputation after being fitted with a hand-cast Patella Tendon Bearing (PTB) socket and a pressure-cast (PCAST) hydrocast socket. The latter technique aims to reduce the skill dependency currently required for socket manufacture and fit. The study was conducted at the Vietnamese Training Centre for Orthopaedic Technologies and involved seventeen Vietnamese participants with unilateral transtibial amputation, all of whom were long term users of prosthetics. All participants were fitted with two sockets manufactured using both hand-cast and PCAST techniques with International Committee of the Red Cross components. Walking tests (Timed Up and Go test and Six-Minute Walk Test), spatio-temporal gait analyses and subjective comfort 
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assessments were completed after a short acclimatisation period with each socket. The participant-preferred socket was also noted. No significant differences were found for the measures of mobility, functional capacity, spatio-temporal gait parameters, gait symmetry, perceived comfort or participant socket preference. The results show the initial patient outcomes are similar when participants are fitted with a hand-cast PTB socket and a PCAST hydrocast socket. Future work should confirm these findings in a longer trial. 
6.2.2 Introduction  Patella tendon bearing (PTB) transtibial prosthetic sockets are commonly fitted in developing countries and are widely-used in International Committee of the Red Cross (ICRC) prosthetic centres throughout the world. The manufacture and successful fit of a PTB socket, however, is highly dependent on the skill and experience of the attending prosthetist. In 2005, an independent quality assessment of PTB socket fit in Cambodia and Vietnam found good prosthetic fit was achieved in only 52% of cases [66]. This success rate was at the lower end of acceptance at the time and is below the revised quality benchmarks of 60 ± 5% (mean ± SD) for socket fit [212]. More recently, a survey of prosthetic practitioners in high- and low-income countries found that the level of practitioner training and skill is critical factor for a successful socket fit, especially in low-income countries [213]. Hence, it is reasonable to conclude that if socket fit was less dependent upon a practitioner’s training and skill, the rate of successful patient fit may increase, particularly in developing countries. Hydrocast sockets have been advocated as an alternative to hand-cast PTB sockets with potential advantages in developing countries [42, 72, 210, 214]. A preliminary investigation of the hydrocast socket technique through the use of Pressure Casting (PCAST) has been completed by the authors [210]. The sockets were cast and fitted by Category II orthopaedic technologists in Vietnam [210]. Participants fitted with the PCAST hydrocast socket and ICRC polypropylene components showed similar functionality and satisfaction ratings to participants with transtibial amputations in developed nations [210].  It is advocated that hydrocasting techniques may lead to improved socket shape consistency compared to the hand-cast PTB [49, 88]. Improved fit consistency may increase quality control, reduce production time and lower production costs as tasks can be delegated to lesser skilled individuals [42]. However, there is currently a paucity of clinical outcome data to support the use of hydrocast sockets. Hence the fundamental aim of this study was to record and analyse clinical data (measures of satisfaction, physical function and gait) in order to directly compare the immediate effects of a hand-cast PTB socket and a hydrocast PCAST socket.  
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Previous studies have compared PTB sockets with hydrocast designs using measures including the residual limb-socket interface pressures [72, 74, 86], wearer comfort, satisfaction or preference [42, 57, 77] and spatio-temporal gait characteristics [56, 57]. However most were limited by low participant numbers (four or five) [72, 86] or included the use of silicone liners [56, 57, 74, 77] which are prohibitively expensive in developing countries. Moreover, no study to date has directly compared the clinical outcomes of PTB and hydrocast sockets fitted with low-cost componentry in the setting of a developing country. This study compared the initial physical function, comfort and satisfaction levels of participants with unilateral transtibial amputations after being fitted with a hand-cast PTB socket and a hydrocast PCAST socket. Participants’ functional capacity, mobility, and gait characteristics were assessed as objective clinical outcomes. The perceived socket comfort and subjective socket preference were also assessed.  
6.2.3 Methods  
 Participants Twenty participants with unilateral transtibial amputations were recruited using convenience sampling from the patient database of the Vietnamese Training Centre for Orthopaedic Technologies (VIETCOT) in Hanoi, Vietnam. Ethical approval to conduct this study was granted by the University of Melbourne (Australia) and the University of Labour and Social Affairs (Vietnam) and written informed consent was obtained from participants. Eligibility for the study dictated that all participants were 18 years or older, active and long-term users of their prosthesis and they did not have significant comorbidities or require additional aids.  Participants were cast and fitted with two limbs utilising a socket of traditional PTB design and a hydrocast socket produced using the PCAST technique [210, 214]. The repeated-measures study design was adopted to increase the power of the study by avoiding issues associated with nonhomogeneous participant groups and intra-cohort variations in functionality and mobility. All casting, fitting and assessments were completed onsite at VIETCOT over the period of a week.  
 Prosthesis manufacture The PTB sockets were hand-cast according to standard practices. Pelite pads were used to pack the socket at tolerant regions (e.g. patella tendon, tibial flare, paratibial areas) to increase stability and control. The hard socket was heated and expanded over intolerant regions (e.g. fibula head and end, tibial tuberosity and distal end) to relieve pain and pressure.  The PCAST process has been described in previous work [210, 214]. Briefly, the participants’ residual limb was wrapped in plaster and placed into the PCAST water tank (Figure 6-1). The 
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water pressure was increased until the participants could stand with 50% of their weight supported by the pressurised water. Once the plaster wrap hardened, the tank was depressurised, and the plaster removed. No rectifications to the positive mould were performed with the exception of the smoothing of obvious rough edges. Both sockets were provided with cuff suspension and a Pelite liner, manufactured according to the ICRC guidelines [47].  
 
Figure 6-1 a) a participant undergoing hydrostatic casting with the PCAST tank and b) the PCAST 
socket with ICRC components 
A Category I prosthetist with over 15 years of experience performed all limb assessments, casting and rectification work to ensure PTB sockets were of high quality. This person performed all hand- and pressure-casting to eliminate inter-individual effects, however intra-individual effects could not be avoided. Local technicians performed the limb production and the same ICRC shank and rubber foot components were used for both sockets (Figure 6-1). The limb alignment was performed separately for each socket. Due to time constraints, limb alignment was performed by a local Category II orthopaedic technologist under the supervision of the involved prosthetist. 
 Participant assessments  Following prosthetic alignment, the participants completed a 15-minute acclimatisation period. Assessments were then completed in the following order: spatio-temporal gait measurements, physical function tests and comfort assessments. Counter-balancing the assessments reduced order effects. The allocation was influenced by which socket was manufactured and ready for 
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assessment first; half of the cohort completed the assessments with the PTB socket first and vice-versa. Spatio-temporal gait measurements and physical function tests were conducted by the named researchers and the comfort assessments and participant socket preference questions were performed by the VIETCOT staff. No assessments were performed by the involved prosthetist. The nature of the intervention precluded participant or assessor blinding.  
 Spatio-temporal gait analysis Spatio-temporal gait parameters were collected using the Zeno Walkway (ProtoKinetics; Havertown, PA). The active area of the walkway was 5,060 mm long by 910 mm wide and the sample rate was 80 Hz. The walkway was placed on a flat surface and two assessors collected all data. The instructions were ‘walk at normal or comfortable speed’. Participants completed two practice walks followed by seven assessed walks for which the average data was calculated used in the analysis. To capture steady-state gait, approach and departure distances of at least 3 m were used.  The participants’ gait symmetry was assessed with the Symmetry Index (SI), used previously in amputee populations [56, 163]. The SI was calculated for step length, step time, stance time and swing time using the method described by Herzog et al. [167]:  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝐼𝐼 (%) =  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑆𝑆𝑠𝑠−𝑃𝑃𝑃𝑃𝑆𝑆𝑠𝑠𝑃𝑃ℎ𝑠𝑠𝑃𝑃𝑠𝑠𝑒𝑒 𝑠𝑠𝑠𝑠𝑆𝑆𝑠𝑠
0.5 × (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑆𝑆𝑠𝑠+𝑃𝑃𝑃𝑃𝑆𝑆𝑠𝑠𝑃𝑃ℎ𝑠𝑠𝑃𝑃𝑠𝑠𝑒𝑒 𝑠𝑠𝑠𝑠𝑆𝑆𝑠𝑠) × 100% 
 Participant functionality, satisfaction and preferences The Timed Up and Go (TUG) and the Six-Minute Walk Test (6MWT) were used to assess functional mobility and capacity respectively [95, 108]. Both tests have been previously used to assess function in populations with lower-limb amputations [100, 110, 210] and have been shown to be reliable and valid metrics to quantify the physical function of participants with lower-limb amputations [94, 95, 108]. The participants were instructed to perform the TUG ‘as quickly as possible’. A practice run was conducted after which the participants performed the TUG three times and the average value used in analysis. The 6MWT was conducted along a 15 m walkway, requiring the participants to perform a number of turns throughout the assessment. Participants were instructed to walk at a speed that is ‘normal or comfortable’. A familiarisation lap was initially completed. All tests were conducted on a level surface and any rests were taken as required. The validated socket comfort score (SCS) was adopted for the subjective assessment of socket comfort [181]. Participants rated the comfort of their socket on a 0 – 10 scale where 0 represented the most uncomfortable and 10 the most comfortable sockets imaginable. At the completion of all 
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tests with both sockets, the participants were asked which limb they preferred to keep for regular use. The participant-preferred socket was noted. 
 Statistical analysis Differences between the sockets were assessed using paired t-tests with equal variance assumed (α = 0.05). The Likert-type scale of the SCS uses an 11-point scale, thus the use of parametric tests was deemed appropriate [42]. Due to the large number of t-tests (37 tests) the likelihood of Type I errors was increased; thus, the Holm-Bonferroni method was adopted to adjust for familywise error rate inflation. The effect size for each test was calculated using Cohen’s d.  
6.2.4 Results  Eighteen participants were fitted with both sockets and completed all tests, however the gait data file of one participant was corrupted and thus this participant was excluded from all data analyses (Figure 6-2). Participant information is listed in Table 6-1. Although simple expansion modifications using a heat gun were permitted for the hydrocast socket, none required such modification. 
 
Figure 6-2 CONSORT (Consolidated Standards of Reporting Trails) participant flow diagram 
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Table 6-1 Participant demographics (n = 17) with limb length defined as a comparative length 
against the participants’ sound limbs 
Variables n Gender   
 Male 16 
 Female 1 Limb Length   Short (~⅓) 6  Mid (~½) 7  Long (~⅔) 4 Previous Socket Type   PTB 11  TSB 6 Limb Abnormalities   None 9  Bony prominences 4  Exceedingly short limb 2  Redundant tissue mass 1  Distal adhesion 1  Fibromatosis and calluses 1   
Descriptive Statistics  Mean ± SD Age (years) 62.1 ± 9.9 Limb Length (cm) 155.9 ± 44.0 Time since amputation (years) 36.9 ± 10.3 
   TSB: total surface bearing The descriptive and inferential statistics for the results are shown in Table 6-2. Adopting the Holm-Bonferroni method, the lowest p-value (p = 0.01) was assessed against a modified alpha 
level (α/[no. tests]; 0.05/37 = 0.00135). Based on the modified alpha level, the null hypothesis was not rejected for all t-tests; i.e. no significant differences found. Moreover, no large effects (d > 0.8) were found.    
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Table 6-2 Functionality, comfort, spatio-temporal gait characteristics and gait symmetry results for 
all participants (n = 17) 
Measures Test Values  Difference of means (PCAST – PTB) 
 PTB PCAST  Estimate 95% CI p-value Effect Size 6MWT (m) 318.1 ± 57.3 321.0 ± 51.9  3.0 -9.7 to 15.6 0.65 0.05 TUG (s) 9.7 ± 1.8 9.3 ± 1.8  -0.4 -0.9 to 0.0 0.05 -0.25 SCS 8.5 ± 1.0 8.8 ± 0.9  0.3 -0.3 to 0.9 0.33 0.31 Velocity (cm/s) 93.6 ± 16.3 95.9 ± 15.4  2.3 -3.4 to 7.9 0.44 0.14 Cadence (steps/min) 95.0 ± 7.8 97.2 ± 8.0  2.2 -1.2 to 5.5 0.22 0.28 
Sound Limb        Toe in/out (deg) 12.8 ± 7.1 12.1 ± 6.9  -0.7 -1.8 to 0.4 0.20 -0.10 Step Length (cm) 57.7 ± 6.9 56.9 ± 7.1  -0.8 -2.7 to 1.1 0.43 -0.11 Stride Length (cm) 117.3 ± 13.9 118.0 ± 13.3  0.7 -3.0 to 4.4 0.71 0.05 Step Width (cm) 9.9 ± 1.5 9.9 ± 2.3  0.0 -0.7 to 0.7 0.99 0.00 Step Time (ms) 629.3 ± 51.8 612.3 ± 52.6  -17.1 -39.2 to 5.1 0.15 -0.33 Stride Time (ms) 1263.8 ± 102.6 1239.2 ± 99.6  -24.6 -67.7 to 18.6 0.28 -0.24 Stance Time (ms) 860.3 ± 90.9 842.4 ± 85.0  -17.9 -52.1 to 16.2 0.31 -0.20 Stance Time (%GC) 67.1 ± 2.5 67.0 ± 2.3  -0.1 -1.0 to 0.9 0.91 -0.02 Swing Time (ms) 420.2 ± 32.5 411.5 ± 29.6  -8.7 -21.8 to 4.5 0.21 -0.28 Swing Time (%GC) 32.9 ± 2.5 33.0 ± 2.3  0.1 -0.9 to 1.0 0.91 0.02 Single Support (ms) 462.9 ± 46.1 456.4 ± 37.7  -6.5 -23.5 to 10.4 0.46 -0.16 Single Support (%GC) 36.6 ± 1.9 36.8 ± 1.5  0.2 -0.4 to 0.8 0.49 0.13 Double Support (ms) 381.7 ± 53.4 374.7 ± 57.4  -7.0 -24.7 to 10.7 0.45 -0.13 Double Support (%GC) 29.8 ± 2.9 29.9 ± 2.9  0.1 -0.7 to 0.8 0.85 0.02 
Prosthetic Limb        Toe in/out (deg) 7.1 ± 4.7 6.6 ± 4.3  -0.6 -2.3 to 1.2 0.53 -0.12 Step Length (cm) 59.0 ± 7.6 60.3 ± 6.6  1.3 -0.9 to 3.5 0.26 0.18 Stride Length (cm) 117.1 ± 14.0 117.7 ± 13.7  0.6 -3.2 to 4.4 0.76 0.04 Step Width (cm) 9.9 ± 1.5 10.0 ± 2.3  0.0 -0.7 to 0.8 0.89 0.02 Step Time (ms) 633.6 ± 59.3 628.5 ± 56.4  -5.1 -28.1 to 18.0 0.67 -0.09 Stride Time (ms) 1265.8 ± 98.5 1240.8 ± 101.1  -25.0 -67.4 to 17.3 0.26 -0.25 Stance Time (ms) 812.9 ± 65.4 795.2 ± 67.9  -17.7 -47.1 to 11.6 0.25 -0.27 Stance Time (%GC) 63.4 ± 1.9 63.2 ± 1.4  -0.3 -0.9 to 0.3 0.40 -0.16 Swing Time (ms) 462.9 ± 46.1 456.4 ± 37.7  -6.6 -23.5 to 10.4 0.45 -0.16 Swing Time (%GC) 36.6 ± 1.9 36.8 ± 1.4  0.3 -0.3 to 0.9 0.40 0.16 Single Support (ms) 422.2 ± 30.6 413.1 ± 31.9  -9.1 -21.9 to 3.6 0.17 -0.29 Single Support (%GC) 33.4 ± 2.3 33.3 ± 2.2  -0.1 -0.6 to 0.4 0.72 -0.04 Double Support (ms) 380.8 ± 55.7 374.3 ± 5835  -6.5 -25.3 to 12.2 0.50 -0.11 Double Support (%GC) 29.8 ± 3.0 29.7 ± 3.1  0.0 -0.8 to 0.7 0.90 -0.01 
Symmetry Indices        Step Length (%) -2.3 ± 6.7 -6.1 ± 6.0  -3.8 -6.4 to -1.2 0.01 -0.60 Step Time (%) -0.6 ± 7.3 -2.6 ± 6.2  -2.0 -4.5 to 0.5 0.12 -0.30 Stance Time (%) 5.4 ± 4.5 5.6 ± 3.9  0.2 -1.4 to 1.8 0.82 0.04 Swing Time (%) -9.5 ± 8.3 -10.2 ± 6.7  -0.8 -3.3 to 1.8 0.57 -0.10 GC: gait cycle The step length SI showed the participants were taking longer steps with the residual limb than the intact limb; this asymmetry was more pronounced for the hydrocast socket but not 
 93  
significantly. The greatest average asymmetry was observed for swing time for both PTB and hydrocast prostheses. This demonstrated increased time spent with the residual limb in swing (negative SI value). Correspondingly, the stance time SI values were positive, indicating more time spent in stance on the intact limb. Although the average step time SI values suggested the greatest symmetry of the analysed measures, there was a large range of participant values for this measure (-16.7% to 12.6% and -14.1% to 9.6% for the PTB and hydrocast sockets respectively), indicating little consistency across the cohort.  The SCS results for each socket were similar (8.5 ± 1.0 and 8.8 ± 0.9 for the PTB and hydrocast sockets respectively). Of the seventeen participants, nine preferred the hydrocast socket and eight preferred the PTB. Due to the small sample size, statistical exploration or correlation of categorical variables was not performed, however SCS and preference results were quantified in relation to the participants’ original socket type, order of assessment and residual limb characteristics (Table 6-3). The SCS and socket preference results were similar regardless of the participants previous socket type, limb length or presence of limb anomalies. Although the order of assessment did not appear to influence the SCS, it may have influenced the participant socket preference; twelve of seventeen participants preferred the second socket with which they completed the assessments.  
Table 6-3 SCS and socket preference data for all participants in relation to their original socket type, 
order of assessment, limb length or presence of anomalies  
  SCS Test Values Socket preference (n) 
Participant 
Groups n PTB PCAST PTB PCAST All participants 17 8.5±1.0 8.8±0.9 8 9 Previous socket type       PTB 11 8.6±1.1 9.0±0.9 6 5  TSB 6 8.5±0.8 8.3±0.8 2 4 Order of assessment       PTB first 8 8.3±0.5 8.4±0.7 2 6  PCAST first 9 8.8±1.3 9.2±0.8 6 3 Limb Length       Short 6 8.2±1.2 8.8±0.8 3 3  Mid 7 8.7±1.0 8.7±1.1 4 3  Long 4 8.8±1.0 9.0±0.8 1 3 Anomalies       None 9 8.4±1.2 8.7±1.0 5 4  Present 8 8.6±0.7 9.0±0.8 3 5  TSB: total surface bearing 
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6.2.5 Discussion  This study investigated initial patient outcomes when fit with the highly skill-dependent PTB socket and the PCAST hydrocast socket, which requires reduced skill dependency in socket manufacture and fit. In comparison to the PTB socket, the hydrocast socket was found to deliver similar outcomes in mobility, functional capacity, spatio-temporal gait characteristics, gait symmetry and subjective comfort levels. Two participants could not be fitted with the hydrocast socket. One participant had a prominent distal tibia and loose soft tissue. It is believed the hydrocast socket caused the proximal migration of the soft tissue, exposing the distal tibia and resulting in painful end bearing. Stable coronal alignment could not be achieved on the hydrocast limb for the other participant and the prosthesis could not be safely used due to continual slipping of the alignment components. This participant had a very short residual limb length (85 mm) that likely reduced the ability to control the lateral thrust of the socket during gait without the appropriate selective loading and more proximal trimlines to control the knee.  Previous investigations of the differences in gait parameters and spatio-temporal asymmetries between hydrocast and PTB sockets found no significant differences [56, 57], as in the current study. The previous investigations, however, used silicone liners in the hydrocast sockets, which influence the socket fit. In the current study, the average step length, step time and swing time were longer whereas the stance time was shorter on the residual compared to the intact limb for both PTB and hydrocast sockets. The observed asymmetries indicate a participant preference to load the intact more than the residual limb for both sockets. This is likely due to stability, confidence or comfort considerations while weight bearing on the residual limb [142, 151, 152]. Asymmetrical gait can increase the energy costs of ambulation [142] and may indicate the goodness-of-fit of the prosthetic limb [163]. This study found that, upon fitting, the participants’ initial mobility, functional capacity, spatio-temporal gait characteristics and subjective comfort levels were similar across the sockets. This suggests similar initial patient outcomes can be achieved regardless of the fundamentally different processes and therefore design principles, by which the sockets are fitted to the patient. Although the measures adopted in this study are robust and validated, providing a timely determination of the participant functionality and comfort, they cannot identify the load transfer patterns or kinematic and kinetic gait adaptations of the wearer. Thus, the measures adopted herein cannot describe how these different prosthetic sockets achieve similar initial patient results. Further research is required to investigate through what mechanisms these fundamentally different sockets achieve similar patient outcomes.  
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The current study was limited to initial assessments after a short acclimatisation period. It is possible that the outcome measures adopted may be insensitive to small changes in participant gait, especially given the short acclimatisation period. Additionally, the results of this study are limited by the small sample size, increasing the potential for Type II errors. Previous studies of gait symmetry [163] and comfort level [42] differences between different socket types showed significant differences in the initial SI and SCS values across the socket types after short acclimatisation times, with assessments occurring either immediately following alignment [42] or after 15-minutes acclimatisation [163]. These studies had similar sample sizes (11 to 21 participants) to the current study. Such results suggest that the sample size employed in this study is sufficient to detect differences in gait symmetry and socket comfort after a short acclimatisation time. Furthermore, the SCS has been shown to be sensitive to socket changes following a short acclimatisation period of 20 minutes to 1 hour [181].  There is no established minimum time required to acclimate to a new prosthetic component. Previous studies of transtibial sockets [163], ankle-foot orthoses [215] and prosthetic knees [216] have utilised acclimatisation periods of 15-minutes, 30-minutes and 2-hours respectively to explore the influence of changing prosthetic/orthotic components on the kinematic, kinetic, electromyography and time-distance gait parameters of participants. Although a longer acclimatisation period is advantageous, the additional time required can lead to higher attrition of participants who may be unable or unwilling to return to the prosthetic centre after acclimatisation. This consideration was especially pertinent in this study, whereby many of the participants had travelled to Hanoi from their rural homes. As such, the need for adequate acclimatisation was considered against the requirement for adequate participant numbers and study power. Furthermore, previous studies of the hydrocast socket usage over a period of approximately five months showed little-to-no variation in measures of functionality, spatio-temporal gait parameters or satisfaction from the initial measures [210, 214]. However, these results are limited as data is available only for participants who were satisfied with their prosthesis. These studies showed that following the usage period, 60-70% of participants were sufficiently satisfied to retain and use the prosthetic [210, 214]. Further research is required in order to more comprehensively assess long-term patient outcomes when using the PCAST technique.  Other limitations of this study include the use of convenience sampling to recruit participants, which potentially limits the ability for generalisations about the total population. In this study, an experienced and highly skilled Category I prosthetist performed all socket casting. Although this does not reflect the intended users of the PCAST technique, previous studies have shown local Vietnamese Category II orthopaedic technologists were able to successfully cast and fit 
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participants using the PCAST technique [210, 214]. It is anticipated that hydrocasting techniques such as the PCAST would have potential advantages in under-resourced environments and developing countries. The aim of this study was to compare the initial clinical outcomes of hydrocast sockets with those of the currently-used PTB sockets. However, any prosthetic intervention must also be appropriate for the setting and local population [20, 61]; the appropriateness of the PCAST technique and hydrocast sockets should be investigated in a future study.  
6.2.6 Conclusion This is the first study to directly compare the functionality, spatio-temporal gait characteristics and wearer comfort of a traditional PTB and a hydrocast socket. Furthermore, this is the first socket comparison study to be conducted in the setting of a developing country, utilising local participants, locally-available ICRC polypropylene components and adopting ICRC manufacturing processes. The results show no significant differences in the initial participant functionality, spatio-temporal gait characteristics, gait symmetry, or comfort between the skill-dependent PTB socket and the PCAST hydrocast socket which aims to reduce the skill dependency in socket manufacture. Further research is required to investigate the mechanisms by which the hydrocast socket is able to provide similar patient outcomes as the fundamentally different PTB socket in addition to assessment of the long-term patient outcomes for wearers of sockets manufactured using the PCAST technique. 
6.3 CHAPTER CONCLUSION The study in Chapter 6 compared the initial wearer outcomes with the PCAST socket to a new PTB socket. Thus, Chapter 6 addressed the lack of a controlled comparison condition, a limitation of Chapter 5. Both PCAST and PTB sockets of Chapter 6 were cast by a senior Category I prosthetist to ensure the skill-dependent PTB sockets were of high quality. The same prosthetist also completed all pressure casting to eliminate inter-individual effects across the casting techniques. The PCAST socket of Chapter 6 was worn with a Pelite liner, enabling matched liner conditions for comparison with the PTB socket. When constructing a socket for use with a liner, the volume of the laminated socket was uniformly increased to account for the thickness of the liner over the residual limb. This volume expansion was thought to have a similar effect on the resultant socket volume as casting with a sock over the residual limb.  The results show no significant differences in the initial participant functionality, spatio-temporal gait characteristics, gait symmetry, or comfort between the skill-dependent PTB socket and the PCAST hydrocast socket that aimed to reduce the skill dependency in socket manufacture. 
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Chapter 6, together with Chapters 4 and 5, comprise the largest available body of evidence regarding wearer outcomes with hydrocast sockets in under-resourced environments.   
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7 AN INVESTIGATION OF PRESSURE PROFILES AND WEARER 
COMFORT DURING WALKING WITH A TRANSTIBIAL 
HYDROCAST SOCKET 
7.1 CHAPTER INTRODUCTION Chapters 4 through 6 investigated the functional, biomechanical, and subjective satisfaction and comfort outcomes associated with PCAST sockets. These studies quantified wearer outcomes, but not the means by which these outcomes were achieved. The study in Chapter 7 further investigated PCAST socket fit at the limb interface and how this influenced wearer comfort. Thus, Chapter 7 aimed to map and quantify pressures at the residual limb-PCAST socket interface.  Chapter 7 comprises a published full-length article in the American Journal of Physical Medicine and Rehabilitation, reference below and final accepted manuscript shown in Section 7.2. 
S. Laing, N. Lythgo, J. Lavranos, and P. V. S. Lee, “An investigation of pressure profiles and wearer comfort during walking with a transtibial hydrocast socket,” American Journal of 
Physical Medicine & Rehabilitation, vol. 98, no. 3, pp. 199-206, 2019.   Preliminary data and findings from the paper were presented in a podium presentation at the 26th Congress of the International Society of Biomechanics; reference as follows: 
S. Laing, P. V. S. Lee, J. Lavranos, and N. Lythgo, “Locations of the maximum residual limb/socket interface pressures during walking,” The 26th Congress of the International Society of Biomechanics, Brisbane, Australia, 23-27 July 2017.  Additional analysis of the Chapter 7 data and the associated findings were accepted for a podium presentation at the International Society of Prosthetics and Orthotics 17th World Congress; reference as follows: 
S. Laing, N. Lythgo, J. Lavranos, and P. V. S. Lee, “Hydrocast socket interface pressures and wearer comfort over the gait cycle,” The International Society of Prosthetics and Orthotics 17th World Congress, Kobe, Japan, 5-8 October 2019.   
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7.2 MANUSCRIPT: AN INVESTIGATION OF PRESSURE PROFILES AND WEARER 
COMFORT DURING WALKING WITH A TRANSTIBIAL HYDROCAST SOCKET 
7.2.1 Abstract 
Objective: The aims of the study were to conduct an investigation of the transtibial hydrocast socket interface pressures during walking and to explore potential relationships between pressures experienced and resultant wearer comfort.  
Design: In this cross-sectional study, pressure data at the limb and hydrocast socket interface during walking were collected from sixteen users of the hydrocast socket. The pressures at this interface were described by location, magnitude and duration for all participants and were compared between the most and least comfortable participants.  
Results: High pressures were found about the bony prominences of the residual limb, especially the tibial crest of the anterior distal region. Factors identified as potentially causing discomfort (p < 0.1, d > 0.80) were high peak pressures at the anterior proximal region and longer durations of submaximal loading at the lateral proximal region and the anterior and medial distal regions. High pressure variability at the anterior proximal region may also contribute to discomfort (p = 0.106, d = 0.88).  
Conclusions: The hydrocast socket interface pressures have been described for a cohort of users. A number of differences were found in the pressure profiles of the most and least comfortable participants. These differences suggest trends between the identified pressure parameters and resultant wearer comfort. Future studies should confirm these exploratory results. 
7.2.2 Introduction The casting and fitting of traditional transtibial sockets is largely dependent on the skill and experience of the prosthetist. For decades, pressure-casting techniques have been investigated to improve consistency in socket manufacture to minimise the reliance on the expertise of the prosthetist [49, 69-74, 209, 210]. The theoretical load transfer mechanics in hydrocast sockets is described elsewhere [69, 71, 217]. Briefly, if a residual limb behaves as a hydrostatic system when loaded, the pressure at the residual limb/socket interface would be uniformly distributed. However, previous evaluations of hydrocast sockets have shown that uniform limb-socket interface pressures are not evident during either standing or gait [70-74]. Nonetheless, previous studies have shown that hydrocasting techniques are able to produce comfortable sockets without uniformly distributed pressure at the residual limb-socket interface [70-74].  Persons using prostheses have identified the fit of the socket and the comfort experienced as their most important concerns [34, 35]. In addition to causing discomfort, an ill-fitting socket can lead 
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to a range of skin disorders [36, 37]. The fit of the socket and the potential for skin breakdown can be examined by investigating the stresses experienced at the residual limb-socket interface. The relationship between pressures experienced at the skin and the likelihood for skin breakdown is complex and depends on intrinsic factors such as age, soft tissue coverage and consistency, skin temperature, and degree of sweat, and extrinsic factors including the pressure magnitude, loading duration, loading frequency and the anatomical location of the loading [17]. Hydrocast socket interface pressure measurements are found in the literature [70-74]; however, some are limited by low participant numbers [70, 71] and the pressures presented are derived either from averaging over large regions [70, 74] or the values of discrete load cells [71-73], limiting the ability to determine the anatomical locations of high pressures within the sockets. Additionally, there are no available data regarding loading durations in hydrocast sockets nor the relationship between comfort and pressures experienced. There were two aims of this study: to conduct an investigation of the hydrocast socket interface pressures during walking, including descriptions of pressure magnitudes and magnitude variability, location and duration; and to conduct an exploratory study of the relationships between these variables and wearer comfort.  
7.2.3 Methods 
 Participants  A convenience sample of participants with unilateral transtibial amputations were recruited from the patient database of the Vietnamese Training Centre for Orthopaedic Technologies (VIETCOT) in Hanoi, Vietnam. All data were collected over two periods of a week each. Ethical approval to conduct this research was obtained from the University of Melbourne (Australia) and the University of Labour and Social Affairs (Vietnam). Written informed consent was obtained from participants. This study conforms to STROBE guidelines (required information in Supplement Table 7-4 in Section 7.2.7).  Eligibility criteria dictated that the participants had all undergone transtibial amputation at least two years before the study and were active users of unrectified hydrocast sockets, having completed a usage period of at least 3 months with the socket. Of twenty-one potential participants, sixteen met the eligibility criteria. The mean ± standard deviation (SD) socket usage period was 147 ± 1.6 days, after which the participants completed the validated Socket Comfort Score (SCS) and Satisfaction with Prosthesis (SATPRO) questionaries [173, 181]. The participants’ mean ± SD SCS and SATPRO scores were 8.4 ± 1.2 and 86.3 ± 9.0% respectively. Trauma was the cause of amputation for all except for Participant #3, for whom vascular complications were the cause. All participants were male with the exception of Participants #6 
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and #7 who were female. An assessment of the participants’ functional level and residual limb coverage, consistency and any sensory loss was completed by a Category I prosthetist with 13 years’ experience, using standard clinical techniques (Table 7-1). No participants had a history of limb sensory loss.  
Table 7-1 Participant details and socket comfort score (SCS) groupings 
 # SCS SAT-PRO Age BMI K-level 
Residual 
limb 
length 
Soft 
tissue 
coverage 
Soft tissue 
consistency Limb anomalies 1* 10 100 57 16.5 K2 Mid Poor Medium Very bony prominences 2* 10 98 43 20.8 K2 Mid Good Medium Prominent fibula 3* 10 96 67 13.8 K2 Short Poor Firm Prominent FH 4* 9 91 58 22.2 K2 Long Good Firm Slight protrusion of FH 5* 9 89 75 22.9 K2 Short Good Firm Prominent distal tip and fibula 6* 9 88 54 25.9 K2 Short Good Medium Distal redundant tissue 7* 9 86 52 24.4 K2 Short Good Loose Adherent scarring and redundant tissue distally 8* 9 84 60 25.2 K2 Short Good Medium Distal end adherence 9^ 8 94 60 19.8 K2 Long Average Medium Nil 10^ 8 84 65 28.7 K2 Mid Good Loose Hyperplasia, not painful 11^ 8 75 27 18.7 K3 Short Good Medium Short, prominent FH 12^ 8 68 56 17.4 K2 Mid Poor Medium Bowing of the tibia 13^ 7 89 42 20.3 K3 Mid Poor Loose Nil 14^ 7 82 62 20.6 K4 Long Poor Medium Nil 15^ 7 72 52 25.0 K4 Short Good Firm Volume fluctuation 16^ 6 84 48 23.8 K3 Short Good Firm Nil *Participants in HighSCS group, ^Participants in LowSCS group; residual limb length determined against intact limb length where short, mid, or long residual limbs represented approximately 1/3rd, 1/2 and 2/3rds of the intact limb length respectively; FH: fibular head. A median split of the SCSs identified the participants who considered the socket the most and least comfortable (Table 7-1). The SCS was used to determine participant grouping because it is more directly related to the comfort experienced than the SATPRO which also considers determinants of wearer satisfaction, additional to comfort, including ease of use and aesthetics. There was a significant difference between the SCSs of the HighSCS (9.38 ± 0.52) and LowSCS (7.38 ± 0.74) groups; t(14) = 6.24, p < 0.0001, Cohen’s d = 3.13. The SATPRO scores were also greater for the HighSCS group (91.5 ± 5.86) than the LowSCS group (81.0 ± 8.77); t(14) = 2.82, p = 0.014, Cohen’s d = 1.41.  
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 Hydrocast sockets VIETCOT staff with International Society for Prosthetics and Orthotics (ISPO) Category II qualifications cast, fabricated, fitted and aligned the participants’ hydrocast sockets. The pressure-casting (PCAST) method, previously described [210], involves wrapping participants’ residual limb, wearing a thick cotton sock, in plaster uniformly, followed by placement of the limb into the PCAST water tank. The water pressure is increased until the participants can stand with 50% of their weight supported by the pressurised water. Once the plaster wrap hardened, the tank was depressurised, and the plaster removed. No rectifications to the positive mould were performed with the exception of the smoothing of obvious rough surfaces. The prosthesis was assembled with commonly-used low-cost polypropylene components and cuff suspension [47]. Commonly-worn cotton socks were the only soft interface between the hard-polypropylene socket and the participants’ limb.  
 Interface pressure measurements and analysis The pressures at the limb-socket interface were measured using F-socket sensors (Tekscan Inc., USA). Each sensor had 96 individual pressure sensing cells (sensels) of 7.9 x 6.3 mm in a 16 x 6 matrix. The sensors were preconditioned, equilibrated and calibrated using the Tekscan Equilibration and Calibration Air Bladder Device (Tekscan Inc., USA). Calibrated sensors were adhered directly to the anterior, posterior, medial and lateral aspects of the participants’ residual limb using a low-adhesive tape to fix the placement consistently for all participants. No sensors were placed over the distal end of the limb, i.e. no folding of sensors. For participants with limbs shorter than the 16 sensel rows, the distal sensel rows were trimmed as required. All participants used either 12, 14 or 16 sensels rows. Four sensors recorded pressure data on each aspect of the residual limb while participants completed seven walking trials across an 8 m flat surface at self-selected speed. The pressures were recorded at sample rate of 200 Hz. Pressure data were extracted from fifteen steady-state gait cycles (GCs) or strides.  For each sample (i.e. every 5 ms) of the participants’ strides, the sensel that recorded the highest pressure was identified and its location and magnitude recorded. To collate these points across participants, the pressures were plot as a percentage of the participants’ limb length, determined by the number of the sensor rows used for each participant. Scatter plots were used to visualise the peak pressure (PP) sites for each aspect. A jitter algorithm added small amounts of random noise to the data coordinates to prevent overplotting and allow visualisation of multiple points at the same sites. The scatter plots also show the magnitude of the pressures using a colour scale. The data from participants with right-side amputations were flipped about the y-axis so that all participants’ limbs (left or right) could be collated and represented as a left-side limb.  
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The analysis described provided a visualisation of the locations the peak pressures were experienced for each moment of the GC; however, it is also important to consider the variability of the loading across the surface of the limb. Large differences in pressure magnitudes across the soft tissue can lead to undesirable high shear stresses. Variability was quantified using the SD in pressure magnitudes across the proximal and distal halves of each aspect over the stance phase of gait (0%-60% GC). The pressure magnitudes and durations were further quantified using parameters previously used for transtibial socket pressure analysis [198]. The mean PP, the time of PP occurrence during the GC (TP), the duration of the gait cycle over which submaximal loads (i.e. 80% of the PP) were experienced (TP80+) and the time-pressure integral over TP80+ (TPI80+) were quantified for eight limb regions (i.e., the proximal and distal halves of each aspect). These parameters were calculated using the mean response of all the sensels in the proximal and distal halves of each aspect; and for the pressure sensel that recorded the highest PP at any point in the GC for each participant, denoted the maximum pressure location (MPL) (Figure 7-1).  
 Data Analysis Pressure parameters were compared between the HighSCS and LowSCS groups for the measures of mean region PPs, MPL PPs, mean region TP80+, MPL TP80+ and pressure variability. A MANOVA was performed with all data, and step-down univariate ANOVAs completed. Given the 
exploratory nature of the study and the low participant numbers, the α level was set to 0.10. In this preliminary study, p<0.10 is suggestive of a significant trend that warrants further study. Additionally, the effect size was calculated using Cohen’s d; 0.5, 0.8 and 1.0 were deemed medium, large and very large effects respectively. All analysis was conducted using SPSS (version 22), MATLAB (version 2017a) and MS Excel (2013).   
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Figure 7-1 Example pressure region and maximum pressure locations (MPLs) determination from 
Tekscan sensor (16 x 6 sensels)  
Region data, shown for the distal region, is the average response of all sensels within the 
region; the solid lines show mean pressure and surrounding shading indicates SEM over 15 
steps. Calculation of pressure magnitude and duration parameters shown for the distal MPL; 
shading under plot indicates the time-pressure integral TPI80+. All data from Participant 
#9. 
7.2.4 Results  The results are presented in two sections reflecting the two aims of the study. The first section describes the hydrocast socket interface, examining the pressure magnitudes, distributions and durations for all participants. The second section compares the pressure parameters of the HighSCS and LowSCS participants and explores which parameters may influence wearer comfort. 
 The hydrocast socket interface High peak pressures (>200 kPa) are concentrated at the mid-distal end of the anterior aspect, spanning longitudinally along the midline of the sensor corresponding to the tibial crest (Figure 7-2). High pressures are also seen proximally, potentially corresponding to the patella tendon or tibial tuberosity. Posteriorly, the peak pressures are distributed relatively evenly over the aspect. The peak pressures of the medial aspect are distributed primarily in the proximal two-thirds of the limb, likely corresponding to the medial tibial condyle. Laterally, the peak pressures were distributed along the length of the residual limb with the highest pressures grouped around the middle of the sensor, corresponding to the fibular head of the wearer. The white areas of the plots 
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indicate the peak pressure site was never recorded in these areas, this does not imply that no pressure was experienced in these regions. 
 
Figure 7-2 Peak pressure scatter plots all participants, for each aspect  
The x-axis data is in intervals of sensels (width of 6 sensels used for all participants). The y-
axis data is scaled by % Sensor length to account for the varied participants’ limb lengths; 
0% represents the top of the sensor, positioned at the mid-patella level and 100% represents 
the distal end of each aspect. Magnitude of pressures represented by colour scale. The distal regions consistently experienced higher mean peak pressures (PP) than the proximal regions (Table 7-2a; Supplement Figure 7-5 in Section 7.2.7) and submaximal pressures for slightly longer durations (TP80+). The mean region pressures peaked at around 40% of the GC with the exception of the anterior distal region, which peaked earlier at 29% of the GC. The anterior proximal region experienced the shortest submaximal loading duration. When magnitudes and durations are considered concurrently, the time-pressure integral (TPI80+) of the distal regions are greater than the proximal regions.   
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Table 7-2 Measures of pressure magnitude and duration, mean (SEM), for the eight limb regions for 
all participants (n = 16), for both (a) mean region and (b) MPL data 
Pressure magnitude and duration data, all participants (n = 16) 
  PP (kPa) TP (%GC) TP80+ (%GC) TPI80+ 
(a) Regions (mean response)  Ant. Prox. 18.0 (2.0) 40.5 (1.8) 18.3 (2.2) 274.3 (38.6)  Dist. 24.6 (3.7) 28.8 (3.7) 27.1 (2.4) 636.1 (129.5) Post. Prox. 12.7 (1.8) 43.9 (5.4) 29.4 (3.6) 351.3 (61.5)  Dist. 33.0 (3.5) 41.6 (1.1) 29.5 (2.1) 870.9 (107.5) Med. Prox. 17.8 (1.5) 41.5 (1.8) 23.3 (2.1) 374.5 (51.1)  Dist. 26.0 (2.7) 40.9 (2.4) 28.0 (2.5) 642.8 (88.9) Lat. Prox. 11.5 (1.3) 35.6 (3.9) 27.5 (2.5) 294.0 (45.6)  Dist. 29.1 (2.2) 41.1 (2.0) 31.8 (2.0) 828.3 (81.3) 
(b)  Maximum pressure location (MPL) Ant. Prox. 112.2 (20.2) 42.3 (2.4) 16.9 (2.9) 1871.7 (593.3)  Dist. 172.4 (31.7) 24.3 (3.2) 20.0 (3.2) 3190.5 (889.4) Post. Prox. 85.4 (11.5) 44.1 (5.4) 12.4 (1.8) 993.5 (210.7)  Dist. 80.7 (10.3) 34.7 (3.0) 29.6 (2.9) 1813.5 (148.5) Med. Prox. 109.2 (14.4) 34.6 (5.1) 21.1 (2.5) 1863.6 (308.6)  Dist. 88.0 (12.8) 31.8 (3.3) 27.8 (2.5) 2035.2 (239.2) Lat. Prox. 105.7 (19.7) 30.9 (3.7) 19.3 (2.8) 1699.1 (495.2)  Dist. 89.4 (9.1) 36.6 (2.6) 21.9 (2.5) 1583.6 (185.7) PP: peak pressure, TP: time of the PP, TP80+: duration of submaximal loading (80% of PP), TPI80+: time-pressure integral over TP80+. Temporal data presented as a % of the gait cycle. Contradictory with the mean region results, the proximal and distal MPL magnitudes were similar for all aspects, except anteriorly (Table 7-2b, Supplement Figure 7-5 in Section 7.2.7). The PP at the anterior distal MPL was substantially greater than any other region, with a correspondingly large TPI80+. The anterior distal TP was earlier than the other regions in agreement with the region results (Table 7-2). The distal anterior aspect showed the greatest pressure variation of any limb region (Table 7-3a); as shown in Figure 7-2, the high pressures (>200 kPa) along the midline are surrounded by low pressures (<50 kPa) at the edges. The pressure variation explains why the anterior distal region has much higher MPL magnitudes than the other aspects yet similar mean region magnitudes. The posterior distal region had the least pressure variability.    
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Table 7-3 Pressure uniformity across each region; mean (SEM) of the SD of pressure magnitudes 
over the stance phase of gait (0-60% GC) for (a) all participants and (b) HighSCS and LowSCS 
groups. All units in kPa. 
  (a) Pressure variability (b) Wearer comfort and pressure variability 
  All, n = 16 HighSCS, n = 8 LowSCS, n = 8 p-value d-value Ant. Prox. 13.7 (2.5) 9.6 (2.0) 17.8 (4.3) 0.109 0.86  Dist. 20.6 (4.2) 19.9 (4.4) 21.3 (7.4) 0.874 0.08 Post. Prox. 12.5 (1.6) 11.3 (2.4) 13.8 (2.3) 0.463 0.38  Dist. 11.3 (1.1) 11.6 (1.8) 11.1 (1.3) 0.839 -0.10 Med. Prox. 14.8 (1.4) 15.7 (1.5) 14.0 (2.4)  0.566 -0.29  Dist. 12.6 (1.6) 11.4 (0.9) 13.8 (3.0) 0.456 0.38 Lat. Prox. 12.9 (2.2) 10.0 (1.8) 15.7 (3.9) 0.206 0.66  Dist. 12.3 (1.0) 12.4(1.7) 12.3 (1.0) 0.950 -0.03 
 
 Interface pressures and wearer comfort The multivariate results were significant (p = 0.02) and step-down univariate ANOVAs were completed to identify which pressure parameters were more likely to be associated with wearer comfort. The HighSCS group region PPs were higher than the LowSCS group at the lateral distal region (p = 0.093, d = 0.90) (Figure 7-3a, Supplement Table 7-5 in Section 7.2.7). However, the LowSCS submaximal loading durations were longer for the anterior and medial distal regions (p = 0.074, d = 0.97 and p = 0.045, d = 1.10 respectively).   
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Figure 7-3 Comparison of the HighSCS and LowSCS groups’ peak pressure and submaximal loading 
duration data; (a) proximal/distal mean region data and (b) maximum pressure locations within 
each region   
The LowSCS group had greater MPL PPs at the anterior proximal region (p = 0.086, d = 0.92) (Figure 7-3b). The LowSCS lateral proximal MPL submaximal loading duration was longer than the HighSCS group (p = 0.025, d = 1.26). Further, medium and large effects were observed for other tests (Figure 7-3), indicating other parameters may which influence wearer comfort. Scatter plots were used to visualise the peak pressure sites for each aspect for the SCS groups (Supplement Figure 7-6 in Section 7.2.7), showing agreement with the identified PP differences. The significant differences and medium, large and very large effects observed indicate that both 
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pressure magnitude and duration for both region and MPL data may be important considerations in understanding wearer comfort.  Example plots for the anterior aspects of HighSCS and LowSCS Participants #3 and #16 respectively are shown in Figure 7-4. The region mean loading pattern is similar between Participants; these loading patterns are consistent with the cohort TP times (Table 7-2a). The LowSCS participants’ region mean pressures are greater than HighSCS participants’ with longer distal submaximal loading duration. Conversely, the MPL magnitudes are similar between the Participants, however the duration of distal MPL loading is slightly longer for the LowSCS participant. The data of these participants is consistent with the cohort responses (Figure 7-3 and Figure 7-4).  
 
Figure 7-4 Exemplar mean Proximal/Distal region and maximum pressure location (MPL) data from 
the anterior aspect for Participants 3 and 6 (HighSCS and LowSCS respectively)  
The HighSCS group generally had less pressure variability than the LowSCS group. These differences were not significant however a large effect was observed at the anterior proximal region (p = 0.106, d = 0.86, Table 7-3b). Further, a medium effect was observed at the lateral proximal region (p = 0.206, d = 0.66). 
7.2.5 Discussion This study investigated the locations, magnitudes and durations of interface pressures experienced by users of hydrocast sockets. How these pressures vary with the comfort experienced by the wearer was also explored. The results demonstrate that the pressure distribution at the interface of a hydrocast socket is non-uniform; supporting the findings of previous work [70-74]. The pressure variability was most evident at the anterior distal region. Pressure variability may be associated with decreased wearer comfort, especially at the anterior 
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and lateral proximal regions (large and medium effects respectively). High pressure variability across the skin surface affects the stress gradients and in-plane tension. High gradients and in-plane tension are thought to be more damaging to skin than an equivalent force uniformly distributed with no tension [218].  The timing of the peak pressures of each region are in agreement with those of the hydrocast sockets investigated by Dumbleton et al. [74] However there is no loading duration data of hydrocast sockets in the literature for comparison. Nevertheless, during gait in Kondylen Bettung Munster (KBM) sockets with silicone liners, the mean(SEM) of the TP and TP80+ at the sub-patella region were 44.4(4.6)% GC and 20.6(3.9)% GC and at the tibial end region were 22.7(3.1)% GC and 24.3(3.6)% GC respectively [198]. Regardless of the different socket and liner type, these values are in agreement with those found herein for the anterior proximal and distal regions respectively. The temporal measures of loading were less similar between the studies for the fibular head/lateral region; such differences may be due to the use of fibular head reliefs in the KBM sockets which alter the loading patterns.  The anterior distal peak pressures were higher than those of any other region, the majority of which were along the midline of the sensor representing the tibial crest. The high pressures were likely due to the superficial tibial crest making contact with the hard socket wall, with little soft tissue to distribute the load. In patella-tendon bearing (PTB) sockets, the socket anterior wedge works to push the tibia back into the socket to avoid such pressures [43]. However, Moo et al. compared load cell pressure data of ten participants in both the PTB and hydrocast sockets and found both sockets had similar pressure magnitudes (~100 kPa) at the tibial crest [73]. The HighSCS and LowSCS groups of the current study had similar pressure magnitudes at the anterior distal region, however the duration of region submaximal loading was significantly longer for the LowSCS group with large effect. Such results suggest that sustained loading on the distal tibia may be associated with reduced comfort. It is not yet understood if high pressures of shorter durations or submaximal pressures of longer durations are more likely to contribute to skin breakdown [198].  The LowSCS group experienced significantly higher MPL peak pressures at the anterior proximal region with large effect, corresponding to the patella tendon of the wearer. Such findings support those of Abu Osman et al. who altered the patella tendon indentation of PTB sockets and found and that all ten participants unanimously preferred the relief position of the patella bar (no indentation)[51].  The only other study of wearer comfort and interface pressures in transtibial sockets was completed by Safari et al. who found the only significant difference between comfortable and 
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uncomfortable PTB sockets was higher pressures at the popliteal region in the uncomfortable socket [190]. Accordingly, the MPL posterior proximal PP was greater for the LowSCS group with medium effect, however this difference was not significant.  High pressures were seen in the vicinity of the bony prominences of the medial tibial condyle and the fibular head. The medial knee and fibular head were also identified by Convery and Buis as the specific areas of high pressures at the hydrocast socket interface of a single participant [70]. The fibular head is traditionally considered load intolerant, and the medial tibial condyle load tolerant [43]. The LowSCS group had longer submaximal loading durations on the lateral aspect than the HighSCS group, potentially indicating discomfort associated with longer periods of loading at the fibular head. The load tolerance of the medial tibial condyle may explain the counterintuitive finding of the HighSCS participants experiencing higher peak pressures at the medial proximal region than the LowSCS participants (large effect).     In the current study, the majority of the high pressures were seen at locations in the proximities of the bony prominences of the tibial crest and fibular head, which are more likely to experience skin breakdown [17]. Previous studies have quantified the regional load-bearing ability of the residual limb., Zhang and Lee applied gradually increasing forces using a 12 mm diameter indenter to different regions of the residual limb surface of eight people with unilateral transtibial amputation [187]. Tolerable pressures at the distal tibia and fibular head were quantified as 600 ± 150 kPa and 820 ± 240 kPa respectively [187]; values much greater than any seen in the current study. Zhang and Lee recorded the subjective pain thresholds of the participants, which does not equate to the physiological tolerance of the different sites to pressure. Further, the loads were not applied in a cyclic manner as in gait. There is a wealth of literature exploring the relationships between applied pressure and tissue breakdown, however these generally concern the development of pressure sores among populations who are immobilised or neurologically impaired [17, 184-186]. Such relationships are likely not directly transferable to prosthetic users due to the different anatomical locations, loading durations and loading frequencies studied.  Although there is insufficient data in the literature to evaluate the likelihood of tissue breakdown for the values herein, significant differences and medium to very large effects in loading duration were seen between the HighSCS and LowSCS participants for both the region and the MPL data. Such results indicate that loading durations may be important in understanding wearer comfort, and potentially skin at risk of breakdown, and should be included in further studies of socket interface pressures. The aim of this study was to conduct an investigation of the hydrocast socket interface pressures rather than a comparison study with any other socket types. However, a number of previous 
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studies have compared hydrocast and PTB socket interfaces using various measures of pressure magnitude. Due to the patella tendon bar and the counter-indentation at the popliteal depression, higher pressures are seen in these regions PTB sockets [70, 73]. Fibular head reliefs are common in PTB sockets, regardless, high pressures have been identified at the fibular head in PTB sockets [70, 73] as in the current study. PTB sockets have been found to have lower mean region pressures than hydrocast sockets at the anterior, medial and lateral proximal regions, and the posterior distal region [74]; the MPL data however has not been compared previously. Further studies and comparisons of socket interface pressures should examine the MPL data and include analysis of loading durations and pressure variability; shown herein to potentially be related to wearer comfort.  All HighSCS participants had K-levels of K2 while all LowSCS participants had K-levels of K3 or K4. The majority of HighSCS participants had good soft tissue coverage and medium or firm soft tissue consistency. The HighSCS group also featured more prominent bony landmarks than the LowSCS group. Although this data indicates trends between the groups, larger participant numbers are required to determine wearer demographics or limb characteristics which may influence wearer comfort in hydrocast sockets.  Low participant numbers was a limitation of this study, especially when comparing the LowSCS and HighSCS groups. The largest sample size for hydrocast socket interface pressures assessments was twenty-four participants who were assessed in Icecast pressure-cast sockets [74]. The previous study compared hydrocast and PTB interface pressures, however the data presented is limited to the mean region (proximal or distal) data for each aspect at three points during the stance phase of gait. As such, the anatomical locations where high pressures are experienced, the magnitudes of these higher point pressures and the durations of loading are not presented for this larger study cohort.  The limitations of the Tekscan sensors are well documented and include sensitivity to loading rates, hysteresis, crosstalk, loading range, drift and a susceptibility to temperature [193]. Furthermore, the use of the Tekscan sensors precludes the measurement of shear stresses. However, the analysis of pressure variability across the regions provides an indication of the anatomical locations where high stress gradients and shear stresses may be experienced. Scatter plots provide a visualisation of how the peak pressures are distributed on each aspect. The number of cotton socks worn by the participants were not standardised, with the participants permitted to wear the number of socks they required for comfort (generally one or two). The number of socks likely influenced the interface pressures; however, the pressure parameters nevertheless reflect those experienced by well-acclimatised users of hydrocast sockets in the condition which the socket was being used.   
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The SCSs indicated a high level of comfort amongst the cohort compared to a previous study of hydrocast sockets [42]. Although the comfort of the participants is high, the assessment of comfort is subjective. It is possible the current study participants were accustomed to sub-standard prostheses and may have higher tolerance levels than those from high-income countries. This potentially contributed to the high comfort and satisfaction scores among the cohort. The comparison of the HighSCS and LowSCS groups identified factors which may influence wearer comfort. Although the SCS scores of both the HighSCS and LowSCS groups are relatively high, the relative percentage difference of the groups SCS scores was 21% (p = 0.00002). This is similar to the relative percentage difference recorded by Safari et al. (23%, p = 0.03) who compared the socket interface pressures of comfortable and uncomfortable PTB sockets [190]. ANOVAs were performed to identify which pressure parameters may be related to wearer comfort. Given this was an exploratory analysis, no correction for multiple testing was performed [219] and a less conservative alpha level of 0.10 was set. As such, the potential for Type I errors should be considered in the interpretation and use of the results herein and confirmatory studies should be completed to verify the results.   Future studies to further understand the biomechanics of the hydrocast socket should explore the use of a Pelite liner, which may assist distribution of high pressures. A study of hydrocast sockets with Pelite liners found similar initial clinical outcomes to those of a traditional PTB socket [209]. An additional future study should compare the pressure profiles of hydrocast and PTB sockets using measures of pressure magnitude and duration shown herein to potentially influence wearer comfort. Such as study would contribute to the literature by including comparisons of the peak pressure locations, magnitudes and loading durations between the socket types.  
7.2.6 Conclusion This study has examined hydrocast socket interface pressures, describing the distribution, magnitude and duration of pressures for a cohort of hydrocast socket users. The loading distributions and temporal measures seen herein are largely in agreement with those provided in the literature. High pressures were found about the bony prominences of the residual limb. The highest peak pressures and greatest pressure variability were found at the anterior distal region. Exploratory analysis identified factors which potentially influence wearer comfort including high pressures at the anterior proximal region, and longer loading durations at the lateral proximal and anterior and medial distal regions. Future studies should confirm these results.    
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7.2.7 Supplements 
Table 7-4 STROBE Statement—Checklist of items that should be included in reports of cross-
sectional studies   Item 
No Recommendation 
Section/Line 
number 
Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract Abstract/8 (b) Provide in the abstract an informative and balanced summary of what was done and what was found Abstract 
Introduction  Background/rationale 2 Explain the scientific background and rationale for the investigation being reported Introduction Objectives 3 State specific objectives, including any prespecified hypotheses Introduction/52 
Methods  Study design 4 Present key elements of study design early in the paper Abstract/8 Methods/58-60 Setting 5 Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection Methods/58-60, 65-67 Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of participants Methods/65-68 Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect modifiers. Give diagnostic criteria, if applicable Methods/109-111, 123-125, 128-133 Data sources/ measurement 8  For each variable of interest, give sources of data and details of methods of assessment (measurement). Describe comparability of assessment methods if there is more than one group 
Methods/109-111, 123-125, 128-133 
Bias 9 Describe any efforts to address potential sources of bias n/a Study size 10 Explain how the study size was arrived at Methods/58-60, 67-68 Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, describe which groupings were chosen and why Methods/77-83 Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding Methods/136-142 (b) Describe any methods used to examine subgroups and interactions n/a (c) Explain how missing data were addressed n/a 
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(d) If applicable, describe analytical methods taking account of sampling strategy n/a (e) Describe any sensitivity analyses n/a 
Results  Participants 13 (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, examined for eligibility, confirmed eligible, included in the study, completing follow-up, and analysed 
n/a (methods) 
(b) Give reasons for non-participation at each stage n/a (c) Consider use of a flow diagram n/a Descriptive data 14 (a) Give characteristics of study participants (eg demographic, clinical, social) and information on exposures and potential confounders n/a (methods) (b) Indicate number of participants with missing data for each variable of interest n/a Outcome data 15 Report numbers of outcome events or summary measures Results Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and why they were included 
Results 
(b) Report category boundaries when continuous variables were categorized n/a (c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period n/a Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity analyses Results 
Discussion  Key results 18 Summarise key results with reference to study objectives Discussion/211-262 Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or imprecision. Discuss both direction and magnitude of any potential bias 
Discussion/304-336 
Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity of analyses, results from similar studies, and other relevant evidence 
Discussion/ Conclusion 
Generalisability 21 Discuss the generalisability (external validity) of the study results Discussion/324-327 
Other information  
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Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, for the original study on which the present article is based 
Acknowledgements 
  
 
Figure 7-5 Measures of pressure magnitude and duration, mean (SEM), for the eight limb regions 
for all participants (n = 16); (a) mean region and (b) MPL data. Data in Table 7-2. 
 117  
Table 7-5 Data of Figure 7-3 
  (a) Mean region data 
 Peak pressures - PP (kPa) Submaximal loading duration - TP80+ (%GC)   Ant Post Med Lat Ant Post Med Lat   Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist 
HighSCS                                 Mean 16.41 25.66 11.60 38.18 18.02 27.71 9.70 32.80 17.00 22.75 28.13 29.25 22.38 23.13 24.25 29.38 SEM 3.66 3.55 2.81 5.79 2.22 3.58 1.42 3.26 2.24 3.27 6.03 2.97 3.06 2.07 4.38 2.87 
LowSCS                                 Mean 19.53 23.60 13.76 27.78 17.60 24.34 13.27 25.42 19.63 31.38 30.63 29.75 24.13 32.88 30.75 34.25 SEM 1.66 6.84 2.37 3.29 2.21 4.09 1.99 2.47 3.80 3.04 4.23 3.24 3.10 3.91 2.02 2.68                                   
p-value 0.450 0.793 0.567 0.141 0.895 0.546 0.165 0.093 0.562 0.074 0.739 0.911 0.694 0.045 0.199 0.235 
Cohen’s d  -0.389 0.134 -0.293 0.780 0.067 0.310 -0.732 0.903 -0.297 -0.965 -0.170 -0.057 -0.201 -1.101 -0.674 -0.621 
  (b) Maximum pressure location (MPL) data  Peak pressures (PP) Submaximal loading duration - TP80+ (%GC)   Ant Post Med Lat Ant Post Med Lat   Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist Prox Dist 
HighSCS                                Mean 77.55 191.13 73.86 90.41 132.55 86.55 88.30 93.24 16.50 21.25 12.50 28.88 17.88 29.25 13.25 20.38 SEM 21.97 41.80 15.11 17.48 21.37 11.60 22.26 14.98 4.29 4.90 2.56 4.06 3.63 3.68 2.28 3.05 
LowSCS                                Mean 146.91 153.75 96.99 71.06 85.84 89.41 123.14 85.51 17.25 18.75 12.38 30.25 24.25 26.38 25.38 23.38 SEM 30.43 49.66 17.25 11.24 16.61 23.88 32.90 11.08 4.09 4.46 2.79 4.40 3.23 3.45 4.25 4.20                                  
p-value 0.086 0.574 0.330 0.367 0.106 0.916 0.395 0.685 0.901 0.712 0.974 0.822 0.211 0.578 0.025 0.572 
Cohen’s d  -0.924 0.288 -0.504 0.466 0.863 -0.054 -0.439 0.207 -0.063 0.189 0.017 -0.115 -0.656 0.285 -1.258 -0.289  
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Figure 7-6 Peak pressure scatter plots (a) HighSCS and (b) LowSCS participants, for each aspect  
The x-axis data is in intervals of sensels (width of 6 sensels used for all participants). The y-
axis data is scaled by the % Sensor length to account for the varied participants’ limb lengths; 
0% represented the top of the sensor, positioned at the mid-patella level and 100% represents 
the distal end of each aspect. Magnitude represented by colour scale. 
7.3 CHAPTER CONCLUSION Chapter 4 through 6 showed that the PCAST technique was able to create functional and satisfactory sockets against relevant baseline and gold-standard conditions. Chapter 7 aimed to explore the mechanisms for this success by quantifying the PCAST socket fit. This was achieved by examining the distribution, magnitude, and durations of pressures at the limb-socket interface and exploring how these pressures vary with wearer comfort.     
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The results demonstrated that the pressure distribution at the interface of a hydrocast socket is non-uniform. High pressures were identified at the bony prominences of the residual limb. The highest pressures were observed at the anterior distal region, corresponding to the distal tibial crest. The magnitude of these pressures did not appear to influence wearer comfort, however, the duration of loading at the distal tibia may have. Other factors that potentially influence wearer comfort were high pressures in the anterior proximal region and longer loading durations at the lateral proximal and medial distal regions. These outcomes may assist future researchers in interpreting interface pressure data however, future studies should confirm these results. Previous studies have largely focussed on the pressure magnitudes in hydrocast sockets. In addition to describing the pressure profiles at the interface of hydrocast sockets, the results of Chapter 7 demonstrate the importance of considering not just the pressure magnitudes, but also the pressure locations relative to anatomical locations on the limb and the loading durations.     
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8 RECOMMENDATIONS FOR FUTURE STUDY AND CONCLUDING 
STATEMENT 
Each of the research chapters has a discussion section relevant to the findings of that study. This chapter comprises recommendations for future research and concluding statements.  
8.1 RECOMMENDATIONS FOR FUTURE STUDIES The results and limitations of the studies in this thesis have aided in the identification of the future studies that would further inform or improve the potential for successful use of the PCAST socket in under-resourced environments.  
8.1.1 Development of the PCAST technique The PCAST socket was used with and without a Pelite liner in this research. A dedicated and controlled crossover study to assess the influence of the Pelite liner should be completed. Such a study should compare interface pressure magnitudes, locations, and loading durations of sockets cast with a thick sock (Chapter 5) and a Pelite liner (Chapter 6). The outcome of this study should lead to a definitive recommendation regarding the use of a Pelite liner with the PCAST socket.  Historically, load-bearing hydrocasting techniques have been performed with the patient standing with either 50% of their body weight supported by the pressurised liquid, as performed in the studies of this thesis and previously [42, 71], or during full weight bearing [70, 72]. Intuitively, the rationale for each of these loading conditions is that the loading condition during casting reflects limb loading during stance (i.e. 50% weight bearing) and the single support phase of gait (i.e. 100% weight bearing). However, there is no empirical data to suggesting that the either method leads to superior fit, gait biomechanics or comfort. Nor is there any data to quantify the volume, geometry, or alignment requirements of sockets manufactured using differing hydrocast loading conditions. It was hypothesised that greater loads through the socket during pressure casting results in greater pressure applied to the soft tissue and hence volumetrically smaller sockets, increased limb stability and more uniform pressure distributions. Any potential improvement in wearer outcomes with a socket cast under greater load should be considered against patient safety during casting. Adequate safety provisions should be enacted to ensure the patient is stable and supported during casting. An understanding of the influence of load during casting will inform the refinement and potentially improved consistency of hydrocasting techniques among researchers.  The adoption of direct casting and lamination techniques could allow socket production without the need for a traditional workshop and decrease manufacturing times. Assuming the socket is 
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still cast under load as described herein, direct casting should not influence wearer outcomes but improve the usability of the technique for under-resourced environments. This could be especially pertinent for rural settings and during disaster relief where infrastructure and workshops may not exist or be unusable due to damage.  
8.1.2 Additional assessments The biomechanical tests herein are limited to level walking at a self-selected pace. Future studies should quantify gait biomechanics when walking at different speeds and on non-level surfaces. Such tests may challenge stability and represent the range of walking surfaces and conditions encountered outside of the laboratory or clinic. Such tests would indicate if users of the PCAST socket experience more instability than is commonly accepted. This study should utilise motion capture techniques to quantify kinematics, kinetics and measures of stability associated with the PCAST socket. As such, this study would likely require a biomechanics laboratory and treadmill capable of inclines, declines and potentially cross-slope positions to challenge both the sagittal and coronal stability of the wearer, or wearable sensors to capture gait biomechanics as real-world obstacles are traversed. This study should also involve limb-socket interface pressure measurements to understand how loading through the limb varies with varied walking surfaces in the PCAST socket.  Comparisons of the limb-socket interface pressures of PTB and pressure-cast sockets without silicone liners exist in the literature [70, 72, 75, 76, 86]. However, due to methodological limitations or analysis methods, the anatomical loading sites, durations of loading, changing pressure profile over the whole the gait cycle, or relationship between pressure and comfort have not been adequately compared for pressure-cast and PTB sockets. A future study should compare the pressure profiles of hydrocast and PTB sockets using pressure magnitude and duration shown herein to potentially influence wearer comfort. Such a study would contribute to the literature by including comparisons of peak pressure locations, magnitudes, and loading durations between the socket types. This study should consider wearer comfort against pressures observed to confirm identified trends between the pressure parameters and resultant wearer comfort. A study should aim to quantify the 3D geometrical differences between sockets manufactured using varied techniques, including pressure casting. Specifically, PCAST sockets cast under varied loads (e.g. 50% body weight or greater) should be compared geometrically before any participant walking trials, to identify socket shape differences, if any. Previous studies have compared socket geometries of pressure-cast and hand-cast sockets [49, 77, 78]. However, these analyses were limited to measurements at discrete points or axial slices along the length of the socket. Future 
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studies should compare the digitised 3D surfaces of the whole sockets to quantify the geometric changes to the socket shape that are responsible for any difference in wearer outcomes.   
8.2 CONCLUDING STATEMENT This thesis comprises the most comprehensive studies of wearer outcomes with pressure-cast sockets without silicone liners. This work has provided practical, methodological, and theoretical contributions to the body of knowledge through journal publications and presentations at international conferences. The data showed that the PCAST technique could create functional and satisfactory sockets against relevant baseline and gold-standard conditions. The mechanisms for this success were explored by examining the distribution, magnitude, and durations of pressures at the limb-socket interface and exploring how these pressures vary with wearer comfort. Additionally, developments to the PCAST technique were implemented and discussed. The results and limitations of the studies herein have aided in the identification of the future studies which would further inform or improve the potential for successful use of the PCAST socket in under-resourced environments.    
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APPENDIX A – SATPRO 
 
SATISFACTION WITH PROSTHESIS (SATPRO) 
 For each question, please circle the number that best describes your satisfaction with your prosthesis.  1. My prosthesis is easy to put on. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  2. My prosthesis is comfortable. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  3. My prosthesis causes me physical pain or discomfort. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  4. My prosthesis causes skin problems. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  
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5. My prosthesis makes noises. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  6. I am bothered by the sweating inside my socket. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  7. When I am in the presence of people other than my family, I am at ease wearing my prosthesis. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  8. My prosthesis is easy to clean. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  9. My prosthesis works well regardless of the weather. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree    
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10. There is a chance that I will hurt myself on my prosthesis. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  11. I find it easy to move with my prosthesis. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  12. I can wear my prosthesis all day long. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  13. The repairs/adjustments to my prosthesis are done in reasonable time a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  14. My prosthesis will last me a long time a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree     
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15. When I wear my prosthesis, I can accomplish more things than without it. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  16. I am satisfied with the look of my prosthesis. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  17. I find it easy to use my prosthesis with or without a walker/cane. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  18. It was easy to understand how to use my prosthesis. a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree  19. In general I am satisfied with my prosthesis a. Totally agree  b. Rather agree  c. Rather disagree  d. Totally disagree    
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APPENDIX B – CHAPTER 5 SI AND SCS DATA   
Due to word and table limits associated with publication, some data were not included in the manuscript of Chapter 5, namely that associated with measures of the Symmetry Index (SI) and the Socket Comfort Score (SCS). This data is shown below. 
Symmetry Index (SI) The SI was calculated as per Section 2.4.2.6. There were no significant differences at α = 0.05 found in the SI over the three conditions (Table B-1 and Table B-2). As seen in Chapter 4, the swing time and stance time exhibited the greatest average asymmetry showing that more time was spent with the intact limb in stance (positive SI value), corresponding to the increased time spent with the prosthetic limb in swing (negative SI value). Although the differences are not statistically significant, the post-usage PCAST condition resulted in less asymmetry than the participants’ original limb for all parameters assessed, especially so for the swing time SI (p = 0.051, d = 0.27). The effects over the usage period were mostly trivial except for the step length SI, for which there was a small decrease in asymmetry over the usage period (p = 0.14, d = 0.20).   
Table B-1 Symmetry Index Measures participants (n = 21) 
Measure ORIG PCAST (pre-usage) PCAST (post-usage) 
Mean ± SD Mean ± SD Mean ± SD 
Step Length (cm) -6.1 ± 7.5 -5.6 ± 7.5 -4.2 ± 6.5 
Step Time (ms) -3.7 ± 8.0 -2.2 ± 9.2 -2.6 ± 9.3 
Stance Time (ms) 8.7 ± 6.7 7.2 ± 7.1 7.5 ± 6.6 
Swing Time (ms) -13.9 ± 10.3 -11.7 ± 11.5 -11.1 ± 10.6  
Table B-2 Differences of means of the Symmetry Index measures of participants (n = 21) between 
the post-usage PCAST and the participants’ original limbs and the pre- and post-usage PCAST limb 
Measures PCAST (post-usage) - ORIG PCAST (post-usage) – PCAST (pre-usage) 
Estimate 95% CI p d Estimate 95% CI p d 
Step Length (cm) 1.9 -4.4 to 8.2 0.35 0.27 1.4 -1.5 to 4.4 0.14 0.20 
Step Time (ms) 1.1 -3.3 to 5.5 0.44 0.12 -0.5 -2.2 to 1.3 0.42 -0.05 
Stance Time (ms) -1.2 -3.7 to 1.3 0.14 -0.18 0.3 -1.9 to 2.5 0.67 0.04 
Swing Time (ms) 2.8 -1.5 to 7.1 0.05 0.27 0.6 -2.8 to 3.9 0.60 0.05 
 
Socket Comfort Score (SCS) Although the SAPTPRO addresses a range of issues caused by the whole prosthesis, the SCS assessments were introduced to gain a more sensitive quantitative measurement of the socket 
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comfort alone. The data collection for Chapter 5 occurred during data collection Phases 2 and 3; the SCS was introduced following the post-usage period of the Phase 2 participants (Figure 3-7). There were no other differences in the casting methods or outcome measures between Phases 2 and 3. Thus, SCS data is available for all Chapter 5 participants for the post-usage condition (n = 21) however SCS data pertaining to the participants original limb or pre-usage conditions are only available for the second cohort of Chapter 5 participants (n = 11).  The average post-usage SCS for the full cohort (n = 21) in Phase 2 and 3 was 8.0 ± 1.6 (Table B-3). Across the conditions, the SCS results show the participants (n = 11) felt the greatest comfort with the PCAST limb pre-usage period, with a mean SCS of 8.8 ± 1.2 (Table B-3). There was no difference in the mean original limb and post-usage PCAST SCS results; 7.9 ± 1.8 and 7.9 ± 1.5 respectively. Although not significant at α = 0.05, the PCAST pre-usage SCS was higher than the post-usage results with medium effect (p = 0.085, d = -0.67) (Table B-4).  
Table B-3 SCS descriptive statistics for participants in Chapter 5 (Phases 2 and 3) 
Measure ORIG PCAST (pre-usage) PCAST (post-usage) 
Mean ± SD Mean ± SD Mean ± SD 
SCS (n = 11, Phase 3) 7.9 ± 1.8 8.8 ± 1.2 7.9 ± 1.5 
SCS (n = 21, Phase 2 & 3) - - 8.0 ± 1.6 
 
Table B-4 Differences between the post-usage PCAST and participants’ original limbs and the pre-
and post-usage PCAST limb for Phase 2 participants (n = 11) 
Measures PCAST (post-usage) - ORIG PCAST (post-usage) – PCAST (pre-usage) 
 Estimate 95% CI p d Estimate 95% CI p d 
SCS (n = 11, phase 2) 0.0 -2.0 to 2.0 1.00 0.00 -0.9 -1.8 to 0.0 0.085 -0.67 
The SCS results suggest that the newly-fitted PCAST limb, pre-usage period, was the most comfortable. This may be due to the ‘snugness’ of fit following casting where the fit is less likely to be negatively affected by volume fluctuations. The average reduction of the SCS over the usage period was 0.9 (95% CI -1.8 to 0.0). This was slightly less than that recorded by Manucharian, who noted that following one month of usage of a hydrocast socket, the SCS of n = 15 participants decreased by 1.13 (95% CI -2.17 to -0.09) [42]. Both the initial (7.3 ± 1.5) and final (6.2 ± 2.0) SCS recorded by Manucharian were less than that seen in this study [42]. Manucharian adopted a very similar hydrocasting technique to that used in this study, however Pelite liners were used with the hydrocast sockets.  
